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ABSTRACT 
Jensen, Sarah Catherine 
M. S. Ch. E. 
Rose-Hulman Institute of Technology 
August 2016 
Adsorption Kinetics of Bovine Serum Albumin to Strong Anion Exchange Adsorbents: Application of the Pore Diffusion Model to Resins and Membranes  Thesis Advisor: Dr. Heather Chenette 
 The replacement of traditional bead-based chromatography by membranes has gained 
recent interest in the bioseparations industry. However, membranes have drawbacks such as 
lower binding capacity that make them unrealistic for some applications. The goal of this work is 
to compare the adsorption kinetics of anion exchange bead-based resin and membranes both on a 
theoretical modeling level and experimental level. Bovine serum albumin (BSA) was adsorbed to 
Q Sepharose FastFlow resin and Sartobind Q membrane to obtain adsorption equilibrium 
characteristics and kinetic data. A numerical solution was used to fit the pore diffusion model to 
the data and estimate a pore diffusivity value. The pore diffusion model fit the resin binding 
kinetics much better than the membrane binding kinetics providing a sum of the squared 
differences 94% lower than that of the membranes. The pore diffusivity values decreased with 
increasing initial concentration suggesting a slower diffusion rate at higher initial concentrations. 
Keywords: 
Chemical Engineering, Bioseparations, protein diffusion, finite difference method, pore 
diffusivity, Q Sepharose FastFlow resin, Sartobind Q membrane 
 
 
ACKNOWLEDGEMENTS 
 
 I would like to thank my thesis advisor for the many hours spent going over this project, 
problem solving, and supporting the research. I would also like to thank the members of my 
advisory committee for all of their work and commitment to this project. Specifically, I would 
like to thank Dr. Kurt Bryan for his work developing the structure for the numerical solution to 
the pore diffusion model. In addition, I would like to thank fellow students Drew Horseman and 
Trent Tatlock for their support in the lab Spring 2016. I wish them all the best of luck in their 
research next year. In addition, I would like to thank Lab Technician Frank Cunning for the 
technical support and wonderful snacks throughout the last year. Finally, I would like to thank 
my loving parents for their unfailing support in the pursuit of this degree. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
ii  
 
 
TABLE OF CONTENTS 
 
Contents 
 LIST OF FIGURES ............................................................................................................... iv 
 LIST OF TABLES ................................................................................................................. vi 
 LIST OF ABBREVIATIONS .............................................................................................. vii 
 LIST OF SYMBOLS ........................................................................................................... viii 
1. INTRODUCTION..............................................................................................................1 
2. BACKGROUND INFORMATION .................................................................................3 
3. LITERATURE REVIEW .................................................................................................8 
3.1 Resin Characterization Research ...................................................................................8 
3.2 Membrane Characterization Research .........................................................................10 
3.3 Comparison of Resins and Membranes .......................................................................12 
4. DESCRIPTION OF THE MODEL ................................................................................14 
 4.1 Resin Model .................................................................................................................14 
 4.2 Membrane Model .........................................................................................................16 
5. NUMERICAL SOLUTION TO THE MODEL ............................................................18 
 5.1 Resin Model Solution ..................................................................................................18 
 5.2 Membrane Model Solution ..........................................................................................20 
6. EXPERIMENTAL MATERIALS AND METHODS...................................................22 
 6.1 Materials ......................................................................................................................22 
iii  
 6.2 Characterization of the Resin and Membrane ..............................................................23 
 6.3 Equilibrium Adsorption Experiments ..........................................................................24 
 6.4 Kinetic Adsorption Experiments ..................................................................................25 
 6.5 Protein Solution Concentration Measurements ...........................................................27 
 6.6 Numerical Solution to the Model .................................................................................28 
7. RESULTS .........................................................................................................................29 
7.1 Characterization of the Resin and Membrane ..............................................................29 
7.2 Equilibrium Adsorption Experiments ..........................................................................31 
7.3 Kinetic Adsorption Experiments ..................................................................................33 
8. DISCUSSION ...................................................................................................................41 
9. CONCLUSIONS AND FUTURE WORK .....................................................................50 
LIST OF REFERENCES ......................................................................................................54 
APPENDICES ........................................................................................................................57 
APPENDIX A .........................................................................................................................58 
APPENDIX B .........................................................................................................................63 
APPENDIX C .........................................................................................................................64 
APPENDIX D .........................................................................................................................70 
APPENDIX E .........................................................................................................................72 
APPENDIX F .........................................................................................................................73 
APPENDIX G .........................................................................................................................74 
APPENDIX H .........................................................................................................................80 
APPENDIX I ..........................................................................................................................81 
 
 
iv  
 
 
 
LIST OF FIGURES 
 
Figure                                                                                                                                        Page 
 
 Figure 2.1: Diffusion in packed bed chromatography ...............................................................3 
 Figure 2.2: Diffusion in membrane chromatography ................................................................4 
 Figure 2.3: Illustration of affinity chromatography interaction .................................................6 
 Figure 2.4: Illustration of anion and cation exchange chromatography interactions .................7 
 Figure 7.1.1(a-c): SEM images of Q Sepharose FF resin ........................................................29 
 Figure 7.1.2(a-c): SEM images of Sartobind Q Membrane .....................................................29 
 Figure 7.1.3: Particle size distribution of Q Sepharose FF resin .............................................30 
 Figure 7.2.1: Equilibrium adsorption data for Q Sepharose FF resin ......................................32 
 Figure 7.2.2: Equilibrium adsorption data for Sartobind Q membrane ...................................32 
 Figure 7.3.1: Kinetic adsorption data for resin with initial concentration of 1.03 mg/ml .......34 
 Figure 7.3.2: Kinetic adsorption data for resin with initial concentration of 1.08 mg/ml .......34 
 Figure 7.3.3: Kinetic adsorption data for resin with initial concentration of 1.99 mg/ml .......35 
 Figure 7.3.4: Kinetic adsorption data for resin with initial concentration of 2.05 mg/ml .......35 
 Figure 7.3.5: Kinetic adsorption data for resin with initial concentration of 3.07 mg/ml .......36 
 Figure 7.3.6: Kinetic adsorption data for resin with initial concentration of 3.16 mg/ml .......36 
 Figure 7.3.7: Kinetic adsorption data for membrane with initial concentration of 1.05   mg/ml .................................................................................................................................37 
 Figure 7.3.8: Kinetic adsorption data for membrane with initial concentration of 1.10    mg/ml .................................................................................................................................38 
v  
 Figure 7.3.9: Kinetic adsorption data for membrane with initial concentration of 2.02    mg/ml .................................................................................................................................38 
 Figure 7.3.10: Kinetic adsorption data for membrane with initial concentration of 2.13    mg/ml .................................................................................................................................39 
 Figure 7.3.11: Kinetic adsorption data for membrane with initial concentration of 3.03    mg/ml .................................................................................................................................39 
 Figure 7.3.12: Kinetic adsorption data for membrane with initial concentration of 3.25    mg/ml .................................................................................................................................40 
 Figure B.1: Calibration curve for the calculation of BSA concentration ................................63 
 Figure D.1: Dynamic light scattering report from Mastersizer 2000.......................................71 
 Figure G.1: Langmuir parameter uncertainty calculation procedure .......................................77 
 Figure G.2: Procedure for calculating the uncertainty in the pore diffusivity value ...............78 
 Figure I.1: Membrane binding experiment foaming example .................................................81 
 Figure I.2: Membrane binding experiment growth example ...................................................82 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi  
 
 
 
LIST OF TABLES 
 
Table                                                                                                                                           Page 
 
 Table 6.4.1: Sample times in minutes for kinetic adsorption experiments ..............................26 
 Table 7.1.1: Reported porosity values for resin and membrane ..............................................31 
 Table 7.3.1: Resin model pore diffusivity results ....................................................................37 
 Table 7.3.2: Membrane model pore diffusivity results ............................................................40 
 Table E.1: Resin equilibrium adsorption data ..........................................................................72 
 Table E.2: Membrane equilibrium adsorption data .................................................................72 
 Table F.1: Approximate function parameters and sum of squares ..........................................73 
 Table G.1 Check solution data for calibration curve shown in Figure B.1 .............................74 
  Table G.2: Resin and membrane pore diffusion model input parameters ...............................79 
 Table G.3: Results of step 1 in diffusivity uncertainty calculation .........................................79 
  
 
 
 
 
 
 
 
 
 
vii  
 
 
LIST OF ABBREVIATIONS 
 
 AFM Atomic Force Microscopy  
 BSA Bovine Serum Albumin 
 DBC Dynamic Binding Capacity 
 DLS Dynamic Light Scattering 
 EBC Equilibrium Binding Capacity 
 FF FastFlow 
 MAb Monoclonal Antibody 
 PSD Particle Size Distribution 
 SEM Scanning Electron Microscopy 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
viii  
 
 
 
LIST OF SYMBOLS 
 
English Symbols 
 ܽ constant used in tridiagonal linear system, coefficient of ݑ௜ିଵ,௝  
 ܣ௦ surface area of the system boundary m2 
 ܣ௦௣ specific surface area of membrane cm2/ml 
 ܾ constant used in tridiagonal linear system; coefficient of ݑ௜,௝ 
 ܿ constant used in tridiagonal linear system; coefficient of ݑ௜ାଵ,௝ 
 ܥ concentration of protein in the bulk solution at time t mg/ml 
 ܿ௕∗ concentration of protein in the bulk solution at equilibrium mg/ml 
 ௝ܿ concentration in the bulk solution at time step j mg/ml 
 ܿ௢ initial concentration of protein in the bulk solution mg/ml 
 ܥ௣ concentration of protein in the adsorbent pore mg/ml 
 ܦ௢ free solution diffusivity m2/s 
 ܦ௣ pore diffusivity m2/s 
 ݂ݒ݈ܽ sum of squared differences between theoretical and experimental values mg/ml 
 ℎ௥ distance step size used for resin numerical solution m 
 ℎ௧ time step size used for numerical solution s 
 ℎ௭ distance step size used for membrane numerical solution m 
 ܬ௥ୀோ flux of protein across boundary at r=R mg/m2 
 ܭ constant; ݍ௠ܭௗ/ߝ  
ix  
 ܭௗ ratio of association and dissociation constants mg/ml 
 ܮ௠ distance between center of membrane and outer edge m 
 ݉ mass of protein in solution at time t mg 
 ݉௔ mass of adsorbent mg 
 ݉௠ dry mass of membrane mg 
 ܯ number of time points used in numerical solution 
 ܰ number of distance points used in numerical solution 
 ݍ concentration of protein adsorbed to surface at time t mg/ml 
 ݍ∗ concentration of protein adsorbed to surface at equilibrium mg/ml 
 ݍ௠ maximum binding capacity mg/ml 
 ܳ constant; 1 + ܭ/൫ܭௗ + ܥ௣൯ଶ  
 ݎ radial position in resin particle  m 
 ݎ௜ radial position at time step ݅ m 
 ܴ average radius of resin particles m 
 ݐ time s 
 ݑ௜,௝ concentration of protein in adsorbent pore at ݎ௜ and ݆ℎ௧ mg/ml 
 ௟ܸ volume of solution ml 
 ௣ܸ volume of resin particles  ml 
 ܹ constant; ܹ = ଷ௛೅௏೛ఌ೛௛೉௏೗   
 ݖ position from center of membrane along z-axis (thickness) m 
 
 
x  
Greek Symbols 
 
 ߝ porosity of adsorbent 
 ߩ௘ effective dry area density of membrane mg/cm2 
 
 
 
 
 
 
 
 
 
 
 
xi  
 

1  
 
 
 
1. INTRODUCTION 
 
In 2013, the global sales revenue for all monoclonal antibody products was nearly $75 
billion which accounted for about half of the total sales of biopharmaceutical products [1]. At the 
current rate that monoclonal antibodies (MAbs) are being approved, the combined worldwide 
sales will be nearly $125 billion by 2020 [1]. This growth has led manufacturers to be constantly 
looking for better ways to produce and process these drugs.  
The production of MAbs is typically limited by the purification of the molecules from the 
complex media used in the upstream process of fermentation [2]. After a cell removal step, the 
fermentation broth for MAb production goes through a capture step that typically uses protein A 
affinity chromatography [3]. This initial capture provides more than 98% purity of the product in 
a single step [4]. There is an interest in finding non-affinity methods to complete the capture step 
because of the high cost and low stability associated with the affinity ligand [5]. Affinity 
chromatography relies on the interaction of a ligand, which has been attached the resin surface, 
and a particular feature of the protein. The attachment procedure and specificity required for the 
ligand can drive affinity costs up. In addition, some ligands cause a human immunogenic 
response, and if they leach into the product stream a removal step downstream is required [5]. 
Instead, one study found that the combination of cation exchange, mixed-mode, and anion 
exchange chromatography can produce solutions of comparable purity to those produced by 
affinity columns at much lower cost; ion exchange resins can be 30 times less expensive than 
protein A resins [5]. Each of the steps in the non-affinity capture system can be further 
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characterized and optimized to create an optimal separation.  
Aside from in the replacement of the protein A capture step, anion exchange columns are 
currently used in downstream purification of MAbs. Following capture, the product stream goes 
through several polishing steps to remove the remaining impurities such as product variants, host 
DNA, leached protein A ligand, endotoxins, host cell impurities, and viruses [3]. These polishing 
steps usually include several different chromatography steps, typically containing a flow-through 
anion exchange chromatography column [3].  
While many separation technologies are available, most industrial processes rely on bead-
based chromatography [2]. In order to fully use the binding sites available within a 
chromatography bead, the system relies on diffusion driven by a concentration gradient which 
can be a time consuming process requiring a high pressure drop [2]. In addition, as the cell 
culture production process continues to improve, chromatography systems have been forced to 
adapt to higher product titers [3]. In order to achieve the desired separation with minimal loss 
and accommodate the high titers, chromatography columns have become larger and more 
expensive effectively shifting the major contributor to production cost from fermentation to 
downstream processing [3]. To alleviate high residence times and improve product throughput, 
biotechnology companies have been looking at other adsorbent options.   
Motivated by the need to better understand the mechanisms of protein binding to 
different adsorbent materials, this work explores the kinetic adsorption behavior of two different 
adsorbent types, resins and membranes. Experimental studies were performed using the two 
adsorbents and the resulting data was fit to a theoretical model. This provides a basis for 
comparison on both a theoretical and experimental level.  
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2. BACKGROUND INFORMATION 
 
While transport in resins is dependent on the intra-particle diffusion step, transport in 
membranes takes place mainly through convection [6]. This difference in transport mechanism 
can be best described by the structural difference between the two materials shown in Figure 2.1 
and Figure 2.2. A packed bed resin bead contains tortuous pores that protein must diffuse 
through to fully use the particle’s adsorption capacity. In addition, the bulk fluid movement 
through a packed bed is around the beads, not through their pores. In a membrane, the bulk fluid 
flow occurs directly through the membrane pores. In this situation, the bulk convection of the 
fluid combined with film diffusion to the surface drives the protein adsorption [6]. Another 
Figure 2.1 Diffusion in packed bed chromatography [6] 
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major difference between membranes and resins is the binding capacity of each. For smaller 
proteins, membranes typically have lower binding capacity than conventional gel-based resins 
[6]. However, the modification of membrane surfaces is being explored to raise their binding 
capacities such that they may be more competitive with traditional bead chromatography 
[7,8].With the commercial options currently available, bead-based resins can handle large 
volumes with better efficiencies than membranes but require longer residence times [2]. Taking 
this information into account, membrane chromatography can be better for removing small 
amounts of impurities relative to total solution volume, whereas resins are effective for the 
capturing of a major feed constituent [2,6]. Membranes may also be suitable for processes in 
product development that need to be completed quickly but have less stringent purification 
requirements [9].  
 When it comes to chromatography, resins and membranes are both typically 
characterized by their dynamic binding capacity, DBC, which is highly dependent on the 
equilibrium binding capacity, EBC [10]. While DBC does not characterize the time to complete 
the process, it is used in industry to gauge the performance of an adsorbent and accounts for the 
mass transfer limitations present under dynamic operation. EBC is the mass of target molecule 
Figure 2.2 Diffusion in membrane chromatography [6] 
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that can bind to the adsorbent per volume of adsorbent when the bound protein is in equilibrium 
with the protein in solution. The EBC is experimentally determined by batch adsorption. EBC 
values obtained for various solution concentrations are related to a theoretical maximum binding 
capacity through an isotherm. The Langmuir isotherm is valid if the pores of the adsorbent can 
be approximated as homogeneous with negligible interactions between adsorbed molecules, and 
while it is simple, it is often a reasonable model for these systems. The Langmuir isotherm 
equation is as follows [11]: 
  ݍ∗ = ௤೘௖ ∗್௄೏ା௖∗್ (2-1) 
where ݍ∗ is the adsorbed protein density at experimental conditions, ݍ௠ is the maximum binding 
capacity, ܿ௕∗ is the concentration of protein in the bulk solution at equilibrium, and ܭௗ is the ratio 
of the association and dissociation constants. When applied to experimental work, the protein 
concentration, ܿ௕∗, can be measured directly, and a mass balance can be completed to find ݍ∗. The 
assumptions pertaining to this expression are as follows; (1) the system reaches equilibrium in 
the given time, (2) all of the protein that leaves the solution is adsorbed to the surface of the 
membrane, and (3) this transfer of protein causes negligible volume change of the bulk solution. 
The mass balance then results in the following,  
 ݍ∗ = ൫௖೚ି௖∗್൯௏೗௠ೌ  (2-2) 
where ܿ௢ is the initial concentration of the protein in the bulk solution, ௟ܸ is the volume of the 
solution, and ݉௔ is the mass of adsorbent used.  
  The adsorption of protein to a porous membrane or resin particle typically happens in 
three separate steps; transfer from the bulk fluid to the outer porous material surface, diffusion 
into the pores, and the reaction at the binding site [12]. These are known as film diffusion, pore 
diffusion, and surface diffusion, respectively. Depending on the protein and adsorbent material, 
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different steps of the diffusion process dominate.   
The adsorbent for chromatography can be made of several different types of materials 
that support different interactions. Two of the main chromatography interaction classifications 
for adsorption are affinity chromatography and ion exchange chromatography.  
Affinity chromatography takes advantage of specific biological interactions between a 
ligand and desired adsorbent material [13]. This interaction is illustrated in Figure 2.3 [14]. 
Typically, surface diffusion is neglected in affinity chromatography because the interaction 
between the ligand and the protein is so strong that the surface adsorption happens much quicker 
than the pore diffusion [15]. 
On the other hand, ion exchange chromatography relies on a charge based interaction as 
shown in Figure 2.4 [16]. This interaction is typically weaker than that occurring during affinity 
chromatography. In the case of ion exchange chromatography, the negligibility of the surface 
term depends on the strength of the interaction between the protein and adsorbent. For proteins, 
the strength of this interaction is dependent on the isoelectric point of the protein and the pH at 
which the interaction is occurring. These conditions are usually selected to achieve favorable 
binding kinetics. 
Film diffusion can be neglected when the mixing rate is high enough such that the rate of 
Figure 2.3 Illustration of affinity chromatography interaction [14] 
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protein diffusion from the bulk solution to the particle surface is negligibly small. This value can 
be determined by running kinetic experiments at constant conditions while changing the mixing 
rate. The rate at which the adsorption kinetics no longer change marks the minimum mixing rate 
at which film diffusion can be neglected.  
Because of the geometric differences between resin particles and membranes previously 
discussed, the two adsorbents will require different forms of the diffusion equation. For this 
reason, they will be considered separately. 
 
 
 
 
 
 
 
 
 
Figure 2.4 Illustration of anion and cation exchange chromatography interactions [16]. 
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3. LITERATURE REVIEW 
 
3.1 Resin Characterization Research 
Several studies have been performed over the last twenty years that characterize the static 
equilibrium behavior of both resins and membranes. Particularly relevant to this work are those 
studies that characterized strong anion exchange adsorbents. One study by Yu and associates 
characterized commercial Q Sepharose FF resin [17]. Measurements of effective porosity and 
Langmuir isotherm parameters for BSA were completed under binding conditions of 20 mM 
Tris-HCl at a pH of 8. The study found the adsorption of BSA to Q Sepharose FF at these 
conditions to have a maximum static binding capacity of 137 ± 5 mg/ml and dissociation 
constant of 0.05 ± 0.01 mg/ml [17].   
The same study examined the effect of ionic strength on binding capacity [17]. 
Poly(ethylenimine) (PEI) modified Sepharose FF resins were compared directly to commercial Q 
Sepharose FF resins. The research showed that the capacities of both the PEI-modified resins and 
the commercial resins decreased with increasing ionic strength, but the capacity of the PEI-
modified resin was less sensitive to the changes in ionic strength [18]. This showed that PEI-
modified resin can be used under a range of ionic strength conditions and still achieve reasonable 
binding capacities. In industry, the PEI-modified resin could be used after a high salt content step 
without the need for an additional diafiltration step to remove the salt. 
Another similar study completed by Bowes and colleagues showed that dextran-modified 
cation exchange resin can have better binding capacities than traditional agarose-based ion 
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exchange resin [19]. At low ionic strengths, the dextran-modified resins exhibited higher static 
binding capacities because of the increase in available binding volume allowed by the dextran 
[19]. The main difference between the traditional resin and the dextran-grafted resin in this case 
was that the grafting allowed a three-dimensional distribution of the functional group charges 
[19]. The study showed that the available surface area for binding is the limiting factor in 
binding capacity of a protein to traditional resins while available binding volume is the limiting 
factor for polymer-modified resins [19]. This result implies that high-capacity membrane 
technology is promising despite low surface area, as membrane substrates have large binding 
volumes. 
The kinetic uptake of protein to resins has been studied extensively in the past several 
years. Chen and colleagues studied a number of kinetic models to describe the adsorption of 
protein to anion-exchange resins [15]. The studied models included the pore diffusion model, the 
surface diffusion model, the homogeneous diffusion model, and the parallel diffusion model. 
While the pore diffusion model assumes that the diffusion of protein through the pores of the 
adsorbent is the rate limiting step, the surface diffusion model assumes that the diffusion and 
reaction at the surface of the adsorbent is the rate limiting step. The parallel diffusion model 
combines the two by describing pore and surface diffusion as occurring in parallel, with neither 
defined as rate-limiting. The homogeneous model simplifies the kinetics of adsorption by 
assuming that the adsorbent particle is a homogenous network, and that the total concentration 
gradient is the driving for diffusion.  
Chen and associates used both BSA and ɣ-globulin proteins in their studies of these 
kinetic models because they produce isotherms of different shapes [15]. The relationship 
between BSA concentration and EBC was found to be rectangular (fitting the Langmuir 
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isotherm) while the same ɣ-globulin concentration and EBC relationship was found to be linear 
[15]. The research showed that while the more complicated parallel diffusion model fit the 
adsorption kinetics of both proteins very well, the simpler pore diffusion model fit the adsorption 
kinetics reasonably well [15]. Chen and colleagues concluded that the pore diffusion model was 
a good approximation for the adsorption kinetics of proteins with rectangular to linear isotherms 
[15]. The studies completed by Chen and associates found the effective pore diffusivity of BSA 
through DEAE Spherodex M resin to be between 5.10 and 6.88 × 10-11 m2/s with diffusivity 
increasing as initial concentration of protein in solution increased [15].  
The previously discussed study completed by Yu and colleagues also modeled the kinetic 
uptake behavior in PEI-modified resins versus commercially available Q Sepharose FF [17]. 
This research showed that the effective diffusivity values of the PEI-modified resin were lower 
than the effective diffusivity values of the commercial resin because of steric hindrance effects 
associated with the grafted ligands. A desired adsorbent has high binding capacity and diffusivity 
through the pores to enable large amounts of protein to bind quickly. The differences between 
the adsorbent morphology of resins and membranes and the impact it can have on protein 
binding capacity and adsorption kinetics motivates a separate review of the literature on 
membrane characterization within the context of these systems.  
 
3.2 Membrane Characterization Research 
 Strong anion exchange membranes have been characterized by a number of works. 
Tatarova and associates completed a study on the characterization of the Sartobind Q 
membranes. In the work, the researchers examined the pore structure including the distribution 
of total pore volume between accessible and inaccessible pores for a molecule with a 38 nm 
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hydrodynamic radius [20]. In addition, the effect of the composition of the liquid phase on the 
pore structure was investigated [20]. The study showed the following results: the thickness of 
Sartobind Q membrane was 250 μm using a contact thickness gauge, the porosity of the 
membrane was 0.777,and under 1 M salt conditions in a Tris-HCl buffer the total pore volume 
increased by 6% because the binding sites collapse at high salt concentrations [20]. These values 
were used in the experimental work of this research.  
The binding capacity, both static and dynamic, of strong anion exchange membranes has 
been found by a number of works. One study, completed by Bower and Wickramasinghe, found 
the static maximum binding capacity to be 27.2 mg/ml for the adsorption of BSA to Sartobind Q 
membranes in 0.01 M phosphate buffer at a pH of 7.0 [21]. A separate study completed by 
Beijeren found the dynamic binding capacity of Sartobind Q membrane to be 19.1 mg/ml at 10% 
breakthrough in a binding buffer of 10 mM potassium phosphate at a pH of 7.0 [22]. The same 
work showed that as salt content increases, the dynamic binding capacity of BSA on anion 
exchange membranes decreases. In addition, it was found that the dynamic binding capacity was 
independent of the applied flow rate suggesting that the mass transfer within the pore was not 
limiting in this case [22]. The authors also determined that the amount of adsorbed proteins can 
reduce the accessibility of binding sites and increase mass transport limitations [22]. This is an 
important result to consider when changing the concentration in kinetic adsorption experiments. 
 Similar to the studies on capacity, most of the available studies on the kinetics of 
adsorption to ion exchange membranes were completed under dynamic conditions. One such 
study applied the parallel diffusion model to the adsorption kinetics of cation exchange 
membranes [23]. This study used a method of frontal analysis to model the shape of the 
breakthrough curves. Gebauer and colleagues found that commercially available cellulose 
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membrane (Sartobind-S) breakthrough curves could be modeled better using the pore diffusion 
model than with the surface diffusion model indicating that diffusion through the pore was the 
rate-limiting step [23]. This result contradicts with those found by Beijeren and associates. The 
difference in kinetic behavior between the two studies can be attributed to differences between 
the functional groups used for the ligands. The Beijeren experiments are more relevant to this 
work because they were conducted using the same ligand type, Q-chemistry anion exchange 
membranes. 
 
3.3  Comparison of Resins and Membranes 
 Both resins and membranes have been thoroughly researched in their abilities to separate 
proteins. While resin-packed columns are known to require longer residence times than 
membranes, they are also known to have higher binding capacities. This difference in binding 
capacity and kinetic uptake is of particular interest to this work. A few studies that directly 
compare adsorption abilities in resins and membranes have been completed. 
One such study examined the effect of the size of a protein on the static and dynamic 
binding capacities when both types of adsorbents are used [24]. Yang and colleagues found that 
the static binding capacity and dynamic capacity of membranes were equivalent and increased 
with an increase in protein size [24]. On the other hand, for resins, the static binding capacity 
remained the same with increasing protein size while the dynamic binding capacity decreased 
sharply for the increasing protein size [24]. These results support the use of membranes for 
protein separations because they can maintain binding capacities with large proteins while resins 
have more protein size limitations. In addition, the result also suggests that pore diffusion plays a 
larger role with resins because the sharp drop-off in DBC with increasing protein size is likely 
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due to a decrease in the pore diffusivity. This would cause the protein to be unable to reach as 
many binding sites in the allotted time. 
 In the available studies, the kinetic behavior of the uptake of protein to strong anion 
exchange resins is not directly compared to that of membranes with the same binding chemistry. 
In addition, there is little published on the application of the pore diffusion model to static 
equilibrium binding studies on membrane adsorbents. The aim of this work is to fill this void by 
comparing the characteristics of strong anion exchange membranes and resins. This is done by 
examining both equilibrium binding capacity behavior and kinetic uptake of protein. The pore 
diffusion model will be used as a theoretical basis for modeling the kinetic uptake.   
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4. DESCRIPTION OF THE MODEL 
 
4.1  Resin Model 
Researchers have used the pore diffusion model to explore the adsorption kinetics of 
protein to resin particles [15,25,26]. For the model, resin particles can be assumed to be 
monodisperse and perfectly spherical and, as such, can be treated in the spherical coordinate 
system. Assuming the transport is pore diffusion controlled, the continuity equation for the 
system is as follows: 
 ߝ డ஼೛డ௧ + డ௤డ௧ = ఌ஽೛௥మ  డడ௥ ቀݎଶ  డ஼೛డ௥ ቁ (4.1-1) 
where ܥ௣ is the concentration of protein in the pore, ݍ is the concentration of protein bound to 
the surface, ߝ is the porosity of the adsorbent, ܦ௣ is the pore diffusivity of the protein, ݐ is time, 
and ݎ is the distance from the center of the particle. This continuity equation also assumes (1) 
pore diffusivity, pore diameter, and void fraction are constant during adsorption and (2) the 
concentration of protein in the pore is in local equilibrium with the concentration of the protein 
adsorbed to the pore wall [25]. This equation can be used in conjunction with the Langmuir 
isotherm, equation 2-1, to get a two dimensional, second order differential equation, equation 
4.1-2 
 ൬1 + ௄൫௄೏ା஼೛൯మ൰
డ஼೛
డ௧ = ܦ௣ ቀడ
మ஼೛
డ௥మ + ଶ௥  డ஼೛డ௥ ቁ (4.1-2) 
where ܭ = ݍ௠ܭௗ/ߝ. The boundary and initial conditions for this equation are the same as those 
used by Chen and colleagues [15]: 
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 at ݐ = 0     ݍ = 0, ܥ௣ = 0 (4.1-2a) 
 at ݎ = ܴ     ܥ௣ = ܥ(ݐ) (4.1-2b) 
 at ݎ = 0     డ஼೛డ௥ = 0 (4.1-2c) 
where ܴ is the average resin bead radius and 0 ≤ ݎ < ܴ. In order to obtain a solution to this 
model, the relationship between ܥ and ݐ needs to be found. This can be done by constructing a 
mass balance on the solution surrounding the resin particles defining the system boundary as the 
edge of each resin particle in the solution. It can be assumed that all of the mass leaving the bulk 
solution crosses the system boundary leading to equation 4.1-3a, where ܣ௦ is the surface area of 
the particle.  
 ௗ௠ௗ௧ = ܬ௥ୀோ ߝܣ௦ (4.1-3a) 
The mass flux, ܬ௥ୀோ, can be found using Fick’s first law, 
 ܬ௥ୀோ = −ܦ௣ ቀడ௖೛డ௥ ቁ௥ୀோ (4.1-3b) 
which changes the mass balance as shown in equation 4.1-3c. 
 ௗ௠ௗ௧ = −ܦ௣ ቀడ௖೛డ௥ ቁ௥ୀோ  ߝ௣ܣ௦  (4.1-3c) 
The following modifications to equation 4.1-3c can be made to simplify it: the volume of bulk 
solution can be assumed constant over time, the surface area of a sphere can be used for ܣ௦, and 
the right side can be multiplied by ௏೛రయగோయ knowing that ௣ܸ =
ସ
ଷ ߨܴଷ for a sphere. Together, these 
modifications result in equation 4.1-4 with an initial condition given in equation 4.1-4a.  
 ௗ௖ௗ௧ = − ଷ௏೛ఌ೛஽೐௏೗ோ ቀడ௖೛డ௥ ቁ௥ୀோ (4.1-4) 
  ܿ = ܿ௢ ܽݐ ݐ = 0 (4.1-4a) 
This differential equation, equation 4.1-2, can be solved using the finite difference method which 
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will be described in section 5.  
4.2  Membrane Model 
 The main difference between the continuity equation for membranes and the continuity 
equation for resins is the coordinate system. A membrane can be assumed to be a flat sheet with 
uniform thickness. Using the Cartesian coordinate system, the z-axis runs along the thickness of 
the sheet. Applying the pore diffusion model, the governing continuity equation is as follows: 
 ߝ డ஼೛డ௧ + డ௤డ௧ = ߝܦ௣ డ
మ஼೛
డ௭మ   (4.2-1) 
The boundary and initial conditions for the membrane are also analogous to those given for 
spherical resin particles except the radius value, ܴ, used for the resin boundary conditions now 
becomes the distance between the center and edge of the membrane, ܮ௠.  
 at ݐ = 0     ݍ = 0, ܥ௣ = 0, ܥ = ܥ௜ (4.2-1a) 
 at ݖ = ܮ௠     ܥ௣ = ܥ(ݐ) (4.2-1b) 
 at ݖ = 0     డ஼೛డ௭ = 0 (4.2-1c) 
The relationship between the bulk solution concentration and time can be found using a mass 
balance on the solution surrounding the membrane. It can be assumed that all of the mass leaving 
the bulk solution crosses the system boundary at the membrane surface leading to equation 4.2-
2a, where ܣ௦ is the surface area of the membrane. This assumes the area along the edges is 
negligible. 
 ௗ௠ௗ௧ = 2ܬ௭ୀ௅೘  ߝܣ௦ (4.2-2a) 
A factor of two is included because the membrane has two surfaces through which flux can 
occur. The mass flux, ܬ௭ୀ௅೘, can be found using Fick’s first law, 
 ܬ௭ୀ௅೘ = −ܦ௣ ቀడ௖೛డ௭ ቁ௭ୀ௅೘ (4.2-2b) 
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which changes the mass balance as shown in equation 4.2-2c. 
 ௗ௠ௗ௧ = −2ܦ௣ ቀడ௖೛డ௭ ቁ௭ୀ௅೘  ߝ௣ܣ௦  (4.2-2c) 
The following modifications to equation 4.2-2c can be made to simplify it: the volume of the 
bulk solution can be assumed constant over time and the mass, ݉௠, and effective density (mass 
per area), ߩ௘, can be substituted for the surface area. Together, these modifications result in 
equation 4.2-3 with an initial condition shown in equation 4.2-3a.  
 ௗ௖ௗ௧ = − ଶ௠೘ఌ஽೛ఘ೐௏೗ ቀడ௖೛డ௭ ቁ௭ୀ௅೘ (4.2-3) 
  ܿ = ܿ௢ ܽݐ ݐ = 0 (4.2-3a) 
This differential equation, equation 4.2-1, can be solved using the finite difference method as 
described in section 5. The applicability of this pore diffusion model to membranes in Cartesian 
coordinates will be tested in these experiments. 
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5. NUMERICAL SOLUTION TO THE MODEL 
 
5.1  Resin Model Solution 
 The application of the pore diffusion model to the resin particles results in the main 
partial differential equation, given as equation 4.1-2. The finite difference method used to solve 
this equation splits the time and distance space into a grid over the interval 0 ≤ ݐ ≤ ܯℎ௧ and 
0 ≤ ݎ ≤ ܴ. In this study, the time space is defined to have ܯ time steps with distance ℎ௧ 
between them where ݐ௝ = ݆ℎ௧. The distance space is defined to have ܰ steps with distance ℎ௥ 
between them where ℎ௥ = ோே and ݎ௜ = ݅ℎ௥ for step ݅. The indexing for this model uses ݅ for 
distance and ݆ for time, and starts at one. For this reason the model is valid for the intervals 1 ≤
݅ ≤ ܰ + 1 and 1 ≤ ݆ ≤ ܯ + 1.  
 For simplification of the model notation, the following conventions will be used. 
 ݑ(ݎ, ݐ) = ܿ௣(ݎ, ݐ) (5.1-1) 
 ݑ(ݎ௜ , ݆ℎ௧) = ݑ௜,௝ (5.1-2) 
The derivatives in equation 4.1-2 can be simplified using the following finite difference 
equations. 
 డ௨డ௧ (ݎ௜ , ݆ℎ௧) ≈ ௨೔,ೕି௨೔,ೕషభ௛೟  (5.1-3) 
 డ௨డ௥ ൫݅ℎ௥ , ݐ௝൯ ≈ ௨೔శభ,ೕି௨೔షభ,ೕଶ௛ೝ  (5.1-4) 
 డమ௨డ௥మ (݅ℎ௥ , ݐ௝) ≈ ௨೔శభ,ೕିଶ௨೔,ೕା௨೔షభ,ೕଶ௛ೝమ  (5.1-5) 
In addition, the following constant, ܳ, can be used to simplify notation. 
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 ܳ = 1 + ௄൫௄೏ା௖೛൯మ (5.1-6) 
Using these simplifications, equation 4.1-2 becomes: 
 ܳ ቂ௨೔,ೕି௨೔,ೕషభ௛೟ ቃ = ଶ௥೔ ൫௨೔శభ,ೕି௨೔షభ,ೕ൯ଶ௛ೝ + ௨೔శభ,ೕିଶ௨೔,ೕା௨೔షభ,ೕଶ௛ೝమ  (5.1-7) 
valid for 2 ≤ ݅ ≤ ܰ and 2 ≤ ݆ ≤ ܯ + 1. The boundary conditions show that at ݅ = 1 and ݑଵ,௝ =
ݑଶ,௝ because of the change in concentration with respect to the radial direction equals zero at the 
center of the particle. In addition, the film diffusion is assumed to be negligible resulting in the 
bulk and surface concentrations being equal; at ݅ = ܰ + 1, ݑேାଵ,௝ = ܿ௜. Equation 5.1-7 can be 
rearranged to form a tridiagonal linear system of equations that take the form shown in equations 
5.1-8-5.1-11.  
 ܽ ݑ௜ିଵ,௝ + ܾ ݑ௜,௝ + ܿ ݑ௜ାଵ,௝ = ݑ௜,௝ିଵ (5.1-8) 
 ܽ = ஽೛௛೟ொ௛ೝ ቀ ଵ௥೔ − ଵଶ௛ೝቁ (5.1-9) 
 ܾ = ቀ1 + ஽೛௛೟௛ೝమொ ቁ (5.1-10) 
 ܿ = ି஽೛௛೟௛ೝொ ቀ ଵ௥೔ + ଵଶ௛ೝቁ (5.1-11) 
The finite difference approximations can also be used on equation 4.1-4 to produce equation 5.1-
12 valid over the range 2 ≤ ݆ ≤ ܯ + 1.  
 ௖ೕశభି௖ೕ௛೟ = − ଷ௏೛ఌ೛஽೐௏೗ோ ቀ௨ಿ,ೕି௨ಿషభ,ೕଶ௛ೝ ቁ  (5.1-12) 
Based on equation 4.1-4a, it can be said that ݑே,௝ = ௝ܿ, and equation 5.1-12 can be solved for 
௝ܿାଵ to produce the following. 
 ௝ܿାଵ = ܹݑேିଵ,௝ + (1 − ܹ)ݑே,௝ (5.1-13) 
where 
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 ܹ = ଷ௛೅௏೛ఌ೛௛ೝ௏೗  (5.1-14) 
and the initial condition ܿଵ = ܿ௢ can be applied. Lastly, the time step used in the model can be 
assumed to be small enough that ܿଵ ≈ ܿଶ.  
The model can then be solved by setting ݑ௜,ଵ = 0 for 1 ≤ ݅ ≤ ܰ, ݑேାଵ,ଵ = ܿ௢, and the 
time loop counter at ݆ = 1. Next, the values of constants ܽ, ܾ, and ܿ are found; the linear system 
for ݑ௜,ଵ over 1 ≤ ݅ ≤ ܰ + 1 is solved; ௝ܿାଵ is found using the results from the previous step; the 
time step is set to ݆ = ݆ + 1; and the process is repeated.  
 The model has constant inputs of ߝ, ݍ௠, ܭௗ, ௣ܸ, ܸ, ܴ, ܿ௢, and ܦ௣. The only one of these 
inputs that is not known from experimentation or literature is ܦ௣. Thus, a least squares 
minimization can be used to fit a realistic value of ܦ௣ to the data of ܿ(ݐ). However, two separate 
approaches to this minimization can be taken: using the discrete data points or using an 
approximate function. If data could be constantly taken, then a model fit to the discrete points 
would be preferred, but given that kinetics experiment consist of a limited number of points over 
a set time period, a model fit to a function that represents the data to the data may be better. Both 
will be examined under the scope of this work.  
 
5.2  Membrane Model Solution 
 The numerical solution to the membrane kinetic model uses much of the structure from 
the resin model. However, the main differences occur in the expressions of ܽ, ܾ, ܿ, and ܹ; the 
coefficients in the tridiagonal linear system and bulk solution concentration equations. For the 
membrane model, the notation given in equations 5.1-1 and 5.1-2 can be modified as follows. 
 ݑ(ݖ, ݐ) = ܿ௣(ݖ, ݐ) (5.2-1) 
 ݑ(ݖ௜ , ݆ℎ௧) = ݑ௜,௝ (5.2-2) 
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The derivative approximations required for the solution to equation 4.2-1 can be transformed 
from resin coordinates in equations 12-14 to the membrane coordinate system as shown below.  
 డ௨డ௧ (ݖ௜ , ݆ℎ௧) ≈ ௨೔,ೕି௨೔,ೕషభ௛೟  (5.2-3) 
 డ௨డ௭ ൫݅ℎ௭ , ݐ௝൯ ≈ ௨೔శభ,ೕି௨೔,ೕ௛೥  (5.2-4) 
 డమ௨డ௭మ (݅ℎ௭ , ݐ௝) ≈ ௨೔శభ,ೕିଶ௨೔,ೕା௨೔షభ,ೕଶ௛೥మ  (5.2-5)  
Using these approximations in equation 4.2-1, and manipulating to reach the form shown in 
equation 5.1-8, the following values of ܽ, ܾ, and ܿ are found. 
 ܽ =  − ஽೛௛೟ଶ௛೥మொ (5.2-6) 
 ܾ = 1 + ஽೛௛೟௛೥మொ  (5.2-7) 
 ܿ = − ஽೛௛೟ଶ௛೥మொ (5.2-8) 
The numerical approximation for the concentration one time step forward can be found by using 
the approximation in equation 5.2-4 at ݖ = ܮ௠ and solving for ௝ܿାଵ given that ௝ܿ = ݑேାଵ,௝. The 
following equation results from the aforementioned manipulations 
 ௝ܿାଵ = (1 − ܹ)ݑேାଵ,௝ + ܹݑே,௝ (5.2-9) 
where ܹ = ଶ௠೘ఌ೛஽೛௛೟ఘ೐௏೗௛೥ . From this point, the same solution procedure described in the resin 
model section can be used to solve and find the optimum value of ܦ௣.  
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6. EXPERIMENTAL MATERIALS AND METHODS 
 
6.1  Materials 
Bovine Serum Albumin (BSA) was purchased from Sigma-Aldrich and used to 
model the kinetics of protein adsorption to the anion exchange resin and membrane. The 
free solution diffusivity, D୭, of BSA at 25°C is 6 × 10ିଵ  mଶ/s [18]. Tris-HCl binding 
buffer salt was purchased from Sigma-Aldrich. The binding buffer used for all experimental 
binding studies was a 25 mM Tris-HCl solution at a pH of 8. This buffer condition was 
selected based on available literature values [5,18].  
The anion exchange resin used in experimentation was GE Healthcare Q-Sepharose 
Fast Flow resin purchased from Sigma-Aldrich. The base matrix of the resin was highly 
cross-linked agarose for chemical and physical stability allowing it a working pH range of 2 
to 12 [26]. Q-Sepharose Fast Flow had a quaternary amine group as the ion exchange group. 
The manufacturer reported average diameter of the resin particles was 90 μm and the total 
ionic capacity was 0.18 to 0.25 mmol/ mL medium [27]. The stock solution as packaged 
from GE was reported as 75% resin by volume and 25% ethanol by volume [28]. The resin 
was separated from its storage solutions using 15 ml VWR falcon tubes in a 1200 rpm 
centrifuge. Though elution kinetics and properties of the resin were not examined, it should 
be noted that a salt concentration of 1 M in 25 mM Tris at a pH of 8 was used for the elution 
of BSA from the resin and membrane.  
 The membranes used in experimentation were Sartobind Q strong basic anion 
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exchange membrane sheets from Sartorius Stedim Biotech. The sheets were dried from a 
20% glycerol solution and shipped [29]. Sartobind Q had a quaternary amine as the ion 
exchange group. In addition, the manufacturer reported the membrane to have a dynamic 
binding capacity above 0.8 mg/cm2 and 29 mg/ml using BSA as the test protein [29]. The 
manufacturer also reported that 36.4 cm2 of membrane was the equivalent of 1 ml which 
results in a sheet thickness of 275 μm assuming the reported value did not account for 
porosity [29].  
 
6.2  Characterization of the Resin and Membrane 
 In order to confirm the shape and particle size distribution of the resin, both scanning 
electron microscopy (SEM) and dynamic light scattering (DLS) were used. A Hitachi TM-
3000 tabletop scanning-electron microscope was used to obtain the SEM images. The resin 
for the sample was filtered and dried at room temperature for 3 hours before loading into the 
SEM. For DLS measurements, a small sample dispersion unit was used with the Malvern 
Mastersizer 2000. The default method was used and measurements were taken in triplicate 
with the results averaged to produce one trial.  
 In order to confirm the shape and structure of the membrane, scanning electron 
microscopy (SEM) was used. The same Hitachi TM-3000 tabletop scanning-electron 
microscope was used to obtain the SEM images. The raw membrane was prepared as it 
would be for a binding experiment and then dried overnight prior to taking the images.  
The porosity of the adsorbent is a major factor in the kinetic models for adsorption 
described in section 5. It is important to also note that the effective porosity for resin or 
membranes can change depending on the experimental conditions such as temperature, pH, and 
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composition [30]. However, for the purpose of this study it was assumed that the effective 
porosity at the experimental conditions was the same as the intraparticle volume value reported 
by the manufacturer in the case of the resin and total porosity value reported by Tatarova et al. in 
the case of the membrane [20,30]. 
 
6.3  Equilibrium Adsorption Experiments 
 The Langmuir isotherms were constructed using 20 ml solution volume adsorption 
experiments. For the resin experiments, an 8 ml protein solution of known concentration 
was prepared and mixed on the shaker table for at least 1 hour at 130 rpm in a 50 mL 
Erlenmeyer flask. After the 1 hour mark, the absorbance at 280 nm was measured. The resin 
was equilibrated in the binding buffer prior to its addition using the protocol described in 
Appendix A.1. Once that process was completed, the resin was added to the protein solution 
with less than 3 mL of extra binding buffer solution. The falcon tube used for buffer 
equilibration was then rinsed three times with 3 ml of binding buffer solution each time to 
ensure no resin was left behind. The Erlenmeyer flask was then placed on the shaker table 
for 24 hours at 170 rpm. After 24 hours, the absorbance of the solution was measured. The 
resulting concentration difference was used with the following equation to find the 
equilibrium binding capacity: 
 q = ୫౟ିୡ౜୚୚౦  (6.3-1) 
where m୧ is initial mass of protein, c୤ is final concentration of protein, V is liquid volume, 
and V୮ is particle volume. Initial concentrations for the 8 mL solutions were 1.20, 2.46, 
2.74, 2.98, 3.73, 4.23, and 9.03 mg/ml. Resin stock solution volumes of 0.2 or 0.3 ml were 
used in the experimental isotherm determination. To obtain experimental parameters, the 
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data was fit using a least squares method.  
 Langmuir isotherms for the membrane adsorption studies were found using a nearly 
identical experimental method. However, the main difference in the method were that 20 ml 
of known protein solution was prepared before adding the membrane and the preparation of 
the membrane. The glycerol coating needed to be removed prior to any experimentation and 
the removal and preparation was completed using an established procedure as described in 
Appendix A.3 [31]. The prepared membrane was transferred to the 50 ml experimental flask 
using flat head tweezers to prevent damage to the membrane. Any buffer solution 
transferred with the membrane was assumed to be negligible. Binding capacities determined 
from the kinetic studies were also included in the isotherm. The initial protein solution 
concentrations used were 0.82, 0.98, 1.06, 1.10, 2.11, 3.35, and 4.45 mg/ml with membrane 
masses of 61.5, 82.7, 71.8, 165.9, 115.0, 166.5, and 176.2 mg, respectively. To obtain 
experimental parameters, the data was fit using a least squares method.  
 
6.4  Kinetic Adsorption Experiments 
 In order to model the adsorption kinetics of this system and find the pore diffusivity, 
D୮, adsorption studies were conducted at different initial concentrations of protein. A 
protein solution of known concentration was prepared in a 125 ml or 250 ml Erlenmeyer 
flask, a 50 μl sample was taken for absorbance measurements and a known amount of resin 
was added to the flask. The resin was equilibrated in the binding buffer prior to its addition 
using to protocol described in Appendix A.1. During the adsorption experiments, the 
experimental flasks were kept on a shaker table set to a mixing rate of 170 rpm to ensure 
that the film diffusion would be negligible. According to a similar study in literature, a 
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mixing rate above 150 rpm resulted in negligible film diffusion, therefore 170 rpm was 
chosen as a conservative value [15]. Total experimental volumes were between 75 and 200 
ml to promote proper volume size for mixing in the flasks and to ensure that the change in 
concentration over the adsorption time was detectable. The samples were taken at the 
intervals shown in Table 6.4.1 and were between 50 and 75 μl in volume to ensure that 
sampling caused a negligible change volume. The times given in Table 6.4.1 change 
between experiments due to experimental scheduling. If the experiment was found to have 
reached equilibrium (not changing more than 5% over a period of 60 or more minutes), 
some of the points such at 720 minutes were omitted. In addition, some points could not be 
taken at the exact time due to scheduling conflicts; in these cases, the point was taken as 
soon as possible and the time recorded. In addition, in order to prevent the inclusion of resin 
Table 6.4.1. Sample times in minutes for kinetic adsorption experiments 
1.03, 1.99, 3.16 1.08 2.05 1.10, 3.25
mg/ml mg/ml mg/ml mg/ml1 0 0 0 02 2 5 5 13 5 10 15 64 10 15 30 115 20 20 71 166 40 40 120 217 60 60 240 308 120 120 1110 409 180 180 7010 300 270 12711 480 360 19312 1440 480 25313 600 140714 72015 1490
Sample Number
Resin ExperimentsStarting Concentration Membrane ExperimentsStarting Concentration 
1.05, 2.02,        2.13, 3.03
mg/ml0251020
4801440
4060120180300
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in the sample, the shaker table was stopped for one minute prior to sampling. This downtime 
was included in the experimental time.  
For each experiment, a protein control solution was also prepared and sampled to 
ensure that the change in concentration of the experimental solution was due to adsorption 
not degradation of protein solution. After 24 hours, the binding solution was decanted from 
the flask and elution solution was added and the flask was placed back on the shaker table 
for 24 hours. After 24 hours, the protein concentration of the elution solution was measured 
to ensure that all of the protein had eluted. The elution solution was then decanted and the 
resin was placed in 20% ethanol for storage using the protocol described in Appendix A.2.  
 For the membranes, an identical method was used for the kinetic adsorption 
experiments with the exception of the initial protein solution volume. The initial protein 
solutions were made to be 50 ml for a 125 ml Erlenmeyer flask. Like the equilibrium 
adsorption experiments, any buffer solution volume transferred with the membrane was 
assumed to be negligible.  
 
6.5  Protein Solution Concentration Measurements 
  The concentration of the protein solution samples were measured using a Thermo 
Scientific NanoDrop 2000 UV-Vis Spectrophotometer. The UV absorbance at 280 nm of 
each sample was measured three times with 5 to 8 μl sample sizes. The concentration was 
calculated using a calibration curve that was prepared using the protocol described in 
Appendix A.4. The NanoDrop measures absorbance with a precision of 0.0002 absorbance 
units and accuracy of ±2% at a path length of 1 mm [32]. The collection of calibration 
curves used in data analysis can be found in Appendix B. 
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6.6  Numerical Solution to the Model 
 The pore diffusion model was fit to the experimental data using Matlab. This model 
can be used for the BSA adsorption to strong anion exchange adsorbents because the 
interaction between the two at a pH above the isoelectric point of BSA is strong enough to 
neglect the surface diffusion [15].The numerical solutions method described in section 5 were 
compiled into two separate Matlab codes (one for resin and one for membranes). Two 
separate methods were used to compare the data to the model values, the discrete points 
method and the approximate function method. The discrete points method used the 
experimental data directly from the trials for the comparison. The approximate function 
method used an equation that had been fit to the experimental data to find concentration at 
any point in the experiment. The time points used in the approximate function method were 
1, 5, 10, 20, 40, 60 120, 180, 240, 300, 360, 480, 600, 780, 960, and 1200 minutes. The 
“fminsearch” function within Matlab was used to minimize the sum of the squared 
differences between the model output and experimental data by changing the diffusivity 
using the initial guess of ܦ௢. The files output the minimum value for the sum of squared 
differences, the ܦ௣ for that value, and the full model-calculated concentration at ݅ = ܰ + 1 for 
the interval 1 ≤ ݆ ≤ ܯ + 1. The full Matlab codes can be found in Appendix C.1 and 
Appendix C.2 for resins and membranes respectively.  
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7. RESULTS 
 
7.1  Characterization of the Resin and Membrane 
For visualization of the particles, SEM images of the resin are shown in Figures 
7.1.1(a-c). The images were taken at magnifications of 10,000 times, 2,000 times, and 500 
times, respectively. For visualization of the structure, SEM images of the membrane are 
shown in Figures 7.1.2(a-c). The images were taken at magnifications of 10,000 times, 
2,000 times, and 1,000 times, respectively.  
The particle size distribution of the resin is shown in Figure 7.1.3. The volume 
Figure 7.1.1(a-c) SEM images of Q Sepharose FF resin at magnifications of (a) 10,000x (b) 2000x, and (c) 500x from left to right. 
Figure 7.1.2(a-c) SEM images of Sartobind Q membrane at magnifications of (a) 10,000x (b) 2000x, and (c) 1000x from left to right.  
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averaged diameters that 10% of particles fall under (d10), 50% of particles fall under (d50), 
and 90% of particles fall under (d90) found by the Malvern Mastersizer were 62.072, 
100.080, and 158.221 μm, respectively. A slight bimodality to the distribution can be seen 
by the small hump prior to the majority of the particles in Figure 7.1.3. The full data can be 
found in Appendix D.  
In reviewing the literature, various porosity values were found related to the 
materials used in this study and are shown in Table 7.1.1. The interparticle and particle 
volume values reported by GE Healthcare relate to the packing of particles in columns 
which is not examined in this study. However, the intraparticle volume reported by GE 
Healthcare represents the percentage void space for one particle which describes the system 
examined in the pore diffusion model used in this study. The similarity of this value to 
effective porosity value reported by Yu et al. further validates it. The median value of the 
range given by GE Healthcare, 0.53, will be used for kinetic modeling in these experiments. 
For the Sartobind Q membrane, only one value of total porosity could be found in literature, 
Figure 7.1.3 Particle size distribution of Q Sepharose FF particles using the average of three samples on Malvern Mastersizer 2000 with small sample dispersion unit and default method.  
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and it is reported as 0.78 in Table 7.1.1. This value will be used for the kinetic modeling in 
these experiments. 
 
7.2  Equilibrium Adsorption Experiments 
Equilibrium adsorption isotherms obtained from the trials described in section 6.3 are 
shown in Figures 7.2.1 and 7.2.2 for resin and membrane, respectively. Figures 7.2.1 and 7.2.2 
also show the isotherm calculated from the literature for comparison. The isotherms were 
constructed by using the reported values of maximum binding capacity and ratio of association 
and dissociation constants [17,21]. The complete set of data used in these graphs can be found in 
Appendix E. The experimental values for the maximum binding capacity of the resin and 
membrane were 121 ± 19 and 80.1 ± 11 mg/ml adsorbent, respectively. The experimental values 
for the ratio of association and dissociation constants for the resin and membrane were 0.045 
±0.002 and 0.10 ± 0.04 mg/ml, respectively. These values were carried over to the kinetic model 
where they were used as input parameters.  
Table 7.1.1 Reported Porosity Values for Resin and MembraneDescription SourceInterparticle Volume GE Healthcare [30]Particle Volume GE Healthcare [30]Intraparticle Volume GE Healthcare [30]Total Porosity 0.79 ± 0.05 Yu and Sun 2013 [17]
Effective Porosity1 0.58 ± 0.03 Yu and Sun 2013 [17]Total Porosity Tatarova et. al 2009 [20]
Value
1Effective porosity found at 20mmol/L tris-HCl and 1 mol/L NaCl pH 8
0.30-0.350.65-0.700.52-0.54
0.78
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Figure 7.2.2 Equilibrium adsorption data for Sartobind Q anion exchange membrane using solutions of BSA in 25 mmol/L Tris-HCl pH 8. Langmuir isotherm with ܭௗ=0.10 mg/ml and ݍ௠=80.1 mg/ml also shown for comparison with literature values of ܭௗ=0.05 mg/ml and ݍ௠=27.2 mg/ml [21]. 
Figure 7.2.1 Equilibrium adsorption data for Q Sepharose FF anion exchange resin using solutions of BSA in 25 mmol/L Tris-HCl pH 8. Langmuir isotherm with ܭௗ=0.045 mg/ml and ݍ௠=122 mg/ml also shown for comparison with literature values of ܭௗ=0.05 mg/ml and ݍ௠=137 mg/ml [17]. 
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7.3  Kinetic Adsorption Experiments 
Bulk concentration vs time profiles for initial concentrations of 1.03, 1.08, 1.99, 2.05, 
3.07, and 3.16 mg/ml for the resin are shown in Figures 7.3.1, 7.3.2, 7.3.3, 7.3.4, 7.3.5, and 7.3.6, 
respectively. In addition to experimental data, the results from the pore diffusion model are also 
shown. The pore diffusivity values calculated by fitting the model to the data are shown in Table 
7.3.1. Reported values were obtained using the discrete point method and the approximate 
function method for data input to the model. It was found through trial and error that the 
following equation provided the best fit to the data 
 ܿ(ݐ) = −ߛ ln(ߙݐ) + ߚ (7.3-1) 
where ߛ, ߙ, and ߚ are all constants fit to the data using least-squares. The sum of squares values 
describing the quality of the fit of the approximate function for all trials can be found in 
Appendix F. Table 7.3.1 also reports the values for the final sum of squares, fval, using the given 
ܦ௣ values. Analysis and comparison of fvals can be used as a measure of how well the model fits 
the data; however, it is important to note that in the case of the discrete point fit, fewer number of 
data points can provide deceptively lower fval values. The uncertainties reported in Table 7.3.1 
were calculated using a method described in Appendix G.  
Bulk concentration vs time profiles for initial concentrations of 1.05, 1.10, 2.02, 2.13, 
3.03 and 3.25 mg/ml for the membrane are shown in Figures 7.3.7, 7.3.8, 7.3.9, 7.3.10, 7.3.11 
and 7.3.12, respectively. In addition to experimental data, the results from the pore diffusion 
model are also shown. The ܦ௣ and fval values calculated by fitting the model to the data are 
shown in Table 7.3.2. 
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Figure 7.3.1 Bulk concentration data over time for a 50 ml solution with initial BSA concentration of 1.03 mg/ml and 0.225 ml of resin. The discrete point fit Dp value was 6.38×10-13 m2/s with a sum-square error value of 0.051. 
Figure 7.3.2. Bulk concentration data over time for a 175 ml solution with initial BSA concentration of 1.08 mg/ml and 0.750 ml of resin. The discrete point fit Dp value was 5.06×10-13 m2/s with a sum-square error value of 0.045. 
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Figure 7.3.3. Bulk concentration data over time for a 50 ml solution with initial BSA concentration of 1.99 mg/ml and 0.375 ml of resin. The discrete point fit Dp value was 3.00×10-13 m2/s with a sum-square error value of 0.207. 
Figure 7.3.4. Bulk concentration data over time for a 60 ml solution with initial BSA concentration of 2.05 mg/ml and 0.600 ml of resin. The discrete point fit Dp value was 2.02×10-13 m2/s with a sum-square error value of 0.112. 
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Figure 7.3.5. Bulk concentration data over time for a 63 ml solution with initial BSA concentration of 3.07 mg/ml and 0.600 ml of resin. The discrete point fit Dp value was 1.92×10-13 m2/s with a sum-square error value of 0.197. 
Figure 7.3.6. Bulk concentration data over time for a 50 ml solution with initial BSA concentration of 3.16 mg/ml and 0.525 ml of resin. The discrete point fit Dp value was 1.66×10-13 m2/s with a sum-square error value of 0.442. 
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Figure 7.3.7. Bulk concentration data over time for a 50 ml solution with initial BSA concentration of 1.05 mg/ml and 296.9 mg of membrane. The discrete point fit Dp value was 3.71×10-10 m2/s with a sum-square error value of 5.137. 
Table 7.3.1 Resin Model Pore Diffusivity Results 
Initial Concentration fval fval
mg/ml (mg/ml)2 (mg/ml)2
1.03 6.38×10-13 ± 2.6×10-13 0.051 12 2.40×10-12 ± 1.8×10-12 0.764
1.08 5.06×10-13 ± 3.5×10-13 0.045 15 4.88×10-13 ± 4.1×10-13 0.014
1.99 3.00×10-13 ± 2.6×10-13 0.207 12 4.92×10-13 ± 2.1×10-13 1.967
2.05 2.02×10-13 ± 1.1×10-13 0.112 8 3.94×10-13 ± 2.6×10-13 0.126
3.07 1.92×10-13 ± 1.1×10-13 0.197 10 3.40×10-13 ± 2.5×10-13 0.119
3.16 1.66×10-13 ± 5.0×10-14 0.442 12 2.88×10-13 ± 1.2×10-13 4.650
Discrete Points Model
# of Data Points
Equation Fit Model
Dp Dp
m2/s m2/s
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Figure 7.3.8. Bulk concentration data over time for a 50 ml solution with initial BSA concentration of 1.10 mg/ml and 165.9 mg of membrane. The discrete point fit Dp value was 2.60×10-10 m2/s with a sum-square error value of 7.605. 
Figure 7.3.9. Bulk concentration data over time for a 50 ml solution with initial BSA concentration of 2.02 mg/ml and 417.8 mg of membrane. The discrete point fit Dp value was 3.21×10-11 m2/s with a sum-square error value of 2.090. 
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Figure 7.3.10. Bulk concentration data over time for a 50 ml solution with initial BSA concentration of 2.13 mg/ml and 386.2 mg of membrane. The discrete point fit Dp value was 3.39×10-11 m2/s with a sum-square error value of 2.156. 
Figure 7.3.11. Bulk concentration data over time for a 50 ml solution with initial BSA concentration of 3.03 mg/ml and 669.4 mg of membrane. The discrete point fit Dp value was 3.98×10-12 m2/s with a sum-square error value of 0.263. 
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Figure 7.3.12. Bulk concentration data over time for a 50 ml solution with initial BSA concentration of 3.25 mg/ml and 166.5 mg of membrane. The discrete point fit Dp value was 3.75×10-13 m2/s with a sum-square error value of 0.292. 
Table 7.3.2. Membrane Model Pore Diffusivity Results Results 
Initial Concentration fval fval
mg/ml (mg/ml)2 (mg/ml)2
1.05 3.71×10-10 ± 3.4×10-10 5.137 12 2.77×10-10 ± 3.2×10-10 4.406
1.10 2.60×10-10 ± 1.6×10-10 7.605 13 2.46×10-10 ± 3.0×10-11 3.932
2.02 3.21×10-11 ± 1.8×10-11 2.090 12 2.19×10-11 ± 1.6×10-11 2.227
2.13 3.39×10-11 ± 1.9×10-11 2.156 12 8.61×10-11 ± 8.5×10-11 6.135
3.03 3.98×10-12 ± 1.3×10-12 0.263 12 3.83×10-12 ± 1.2×10-12 0.266
3.25 3.75×10-13 ± 1.1×10-13 0.292 13 4.69×10-13 ± 2.8×10-13 0.201
Discrete Points Model
# of Data Points
Equation Fit Model
Dp Dp
m2/s m2/s
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8. DISCUSSION 
 
In the process of imaging the resin particles, it was found that the particle size 
distribution is not as uniform as initially believed. As shown in the SEM images in Figure 7.1.1, 
the resin beads have a large range of diameters. However, it can be hard to deduce whether or not 
all of these beads are in the same focal plane. In order to get a quantitative idea of what exactly 
that particle size distribution looks like, the Mastersizer was used. The results, shown in Figure 
7.1.3, show a narrow particle size distribution with a very small amount of bimodality as shown 
by the smaller peak near 25 μm. The Mastersizer reported a d50 value of 100.080 μm which is a 
full 10 μm larger than the manufacturer reported value of 90 μm. This could be due to the 
measurement settings on the Mastersizer as well as an outdated calibration on the instrument. It 
could also be due to some variation in the batches of Q Sepharose FF provided by GE 
Healthcare. Though the 90 μm manufacturer provided diameter value was used in the analysis on 
these experiments, future experiments should use a Mastersizer determined value on the lot of 
resin provided.  
An actual particle size larger than that which is assumed for the model input parameter 
would lead to the model calculating a value of diffusivity smaller than the actual value. On the 
other hand, an actual particle size smaller than the assumed model input parameter would lead to 
a larger calculated diffusivity than what should be reported.  
The shape of the particle size distribution of the resin beads is important because the pore 
diffusion model assumes that all of the particles are uniform. In this study, a narrow resin particle 
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size distribution is ideal because it means that the majority of particles have diameters very close 
to the average. The effect of a broader particle size distribution of the reported diffusivity and 
quality of the model fit is difficult to say without actually completing the experiments. In order 
to see how a broad or skewed distribution would impact the diffusivity value reported by the 
model, the experiments would need to be run using these different PSD shapes.  
 From the equilibrium adsorption studies, the maximum binding capacity found in the 
resin experiments was 121±19 mg/ml, which is 11% lower than the 137 mg/ml reported by other 
researchers [18]. However, the maximum binding capacity found in these experiments does 
match the reported value within the uncertainty bounds. It should be noted that the experimental 
uncertainty in the maximum binding capacity value is 16% of the total value. It may be useful to 
alter the experimental methods in order to reduce the uncertainty in the maximum binding 
capacity and achieve a more precise value. For further explanation on the possible sources of 
error related to the resin quantity measurements, see Appendix H.  
The maximum binding capacity found in the membrane equilibrium adsorption 
experiments was 80.1 ± 11 mg/ml, which is 194% higher than the 27.2 mg/ml reported by other 
researchers [21]. The discrepancy between the maximum binding capacity determined 
experimentally in this work and that reported by and other research could be due to a number of 
factors discussed here.  
One factor may be the uncertainty associated with the conversion of units from mg/mg of 
membrane to mg/ml of membrane. To calculate the membrane binding capacity to units of 
mg/ml, the experimental value is multiplied by much larger numbers. These two numbers are the 
measured effective density of the membrane, 13.909 mg/cm2, and the manufacturer reported 
specific area, ܣ௦, 36.4 cm2/ml [29]. Error propagation calculations are shown in Appendix G.  
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 Another possible explanation for the discrepancy between the literature and experimental 
maximum binding capacities originates from the experimental conditions and procedure. The 
literature value of 27.2 mg/ml was obtained using a phosphate buffer of pH 7.0 as compared to a 
value of 80.1 mg/ml found in this study using a Tris buffer of pH 8.0. An increase in pH above 
the isoelectric point of BSA, as in this case, would lead to a more negatively charged protein. A 
more negative charge would result a more favorable interaction between the protein and strong 
anion exchange adsorbent which could lead to a higher binding capacity. However, given the 
typical shape of a pH curve for a protein, such a small increase (1 unit) in pH 3 units above the 
isoelectric point of 4.1 would not be expected to drastically increase the negativity of the protein 
enough to lead to a 194% difference in the binding capacity. As such, not all of the discrepancy 
between maximum binding capacity values can be explained by the difference in binding 
solution conditions.  
Another procedural difference that could explain the discrepancy between maximum 
binding capacities found in literature and this experiment is the initial concentrations of BSA 
used. In the literature study, the initial BSA concentrations were on the order of μg/ml with the 
highest being 560 μg/ml as compared to the 0.5 mg/ml to 4.0 mg/ml range used in this study. 
The Langmuir isotherm determined from this study, as shown in Figure 7.2.2, does not fully 
develop until a concentration of approximately 1.0 mg/ml. Because the literature study only 
examined experiments with initial concentrations up to 560 μg/ml, the Langmuir isotherm 
determined from the data may not be accurate for initial concentrations much above that. If the 
researchers had used higher initial concentrations, they may have found a higher maximum 
binding capacity. However, this small difference would not change the value by 194% as seen in 
this study.  
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In addition, the researchers that found the 27.1 mg/ml maximum binding capacity value 
did not describe any procedure for glycerin removal so it is likely that the preparation procedures 
used in that experiment were different from those used here. A more effective removal of 
glycerin may cause more binding sites to be available leading to higher values for ݍ௠ and ܭௗ, as 
was observed in this study.  
 In order to put both the literature value and experimental value for maximum equilibrium 
binding capacity in perspective, they can be compared with the manufacturer reported value for 
dynamic binding capacity using BSA, >29 mg/ml. Dynamic binding capacities are inherently 
lower than equilibrium binding capacities because, in equilibrium adsorption experiments, the 
membrane soaks in the binding solution until the bound and unbound protein come to 
equilibrium allowing protein to reach as many available binding sites as possible under those 
conditions. As a result, the dynamic binding capacity is usually 60-80% of the maximum 
equilibrium binding capacity. Thus, the experimental equilibrium binding capacity of 80.1 mg/ml 
is a larger than expected given the reported dynamic binding capacity of 29 mg/ml. However, the 
29 mg/ml dynamic binding capacity does make the 27.1 equilibrium binding capacity value 
reported by Bower and colleagues seem unreasonable. The equilibrium binding capacity should 
never be below the dynamic binding capacity. These findings suggest that the actual equilibrium 
binding capacity of the membrane is likely between 48 mg/ml (where 29 mg/ml would be 60%) 
and the experimentally determined 80 mg/ml.  
 The experimentally determined equilibrium binding capacities for the resin and 
membrane in this study should also be directly compared. The difference of 33% between the 
121 ± 19 mg/ml ݍ௠ of the resin and the 80.1 ± 11.0 mg/ml ݍ௠ of the membrane makes sense 
with what has been described in literature. As mentioned in section 2, one of the drawbacks of 
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membranes is that they often have lower binding capacities than resins. While the difference 
between these two binding capacities becomes much lower when the lower and upper bounds of 
their uncertainties are considered, there is still a difference. In addition, as previously discussed, 
the maximum equilibrium binding capacity for the membrane found in this study is likely larger 
than the actual value.  
 The results of applying the pore diffusion model to the adsorption kinetics were obtained 
using two methods: one using the discrete points from the data and one using a function that 
represents the concentration data over time. This was done in order to determine the pore 
diffusivity of the protein through the adsorbent. As shown in Figures 7.3.1-7.3.6, the bulk 
solution BSA concentration profile over time is almost identical for both the discrete point and 
approximate function cases. Tables 7.3.1 and 7.3.2 compare the fval values for the different 
initial BSA concentrations in the kinetic adsorption experiments as well as the two methods of 
model analysis (discrete point and approximate function). Recall, fval is the sum of the 
differences of all points considered. Thus, a data set with many points will provide a higher fval 
than a data set with few data points, even if the latter is not as good of a fit as the former. For the 
approximate function method, the fit is completed considering using 16 different points along the 
time interval. For the discrete point case, as few as 8 points were used. Due to this discrepancy, 
the values of fval cannot be directly compared on a quantitative level. However, it is still useful 
to see the values of fval because they can show drastic differences in quality of the fit that would 
not be the sole result of more data points.  
In addition, it should be noted that the average of the values of fval in Table 7.3.1 are 
lower in the discrete point fit case. This implies that the model is more accurate when the 
discrete point method is used to input the data. It should also be noted that the approximate 
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function can add an extra level of error if the approximate function is not accurate. Thus, it is 
preferable to use the discrete point method both for the quality of the fit of the pore diffusion 
model (as shown by fval) and the reduction of error. However, the approximate function method 
allows for an easier input and provides similar values. The approximate function method may be 
appropriate for a situation in which a faster estimation of the diffusivity value with less effort is 
desired. 
 The results of the application of the pore diffusion model to the resin kinetic adsorption 
experiments are shown in Figures 7.3.1-7.3.6. Because the model fits the majority of the data 
points within their uncertainty values in these figures, it can be determined that the pore diffusion 
model is an accurate fit to the adsorption of BSA to Q Sepharose FF resin under these 
experimental conditions.  
 It is of interest to determine whether or not the initial protein concentration has an effect 
on the diffusivity value. The diffusivity values in Table 7.3.1 systematically decrease with 
increasing initial concentration of BSA. This is contrary to the trend of increasing diffusivity 
with increasing initial concentrations found in literature as discussed in section 3. Based on the 
conventional definition of diffusivity, the main factors that should have an effect on its value are 
temperature, pressure, and medium. However, given the assumptions for this model and the 
complex interactions that occur in protein adsorption, the diffusivity likely could be influenced 
by other unexpected parameters in the experiment such as initial concentration of BSA. One of 
the main assumptions made in this model is the negligibility of the surface diffusion. The 
diffusion rate observed in this experiment can more accurately be described as the combination 
of a very fast surface diffusion rate and a relatively slower pore diffusion rate. If the assumption 
of surface diffusion negligibility was invalid, it could lead to a change in calculated pore 
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diffusivity at different concentrations.  
As was found by Beijeren and colleagues, the amount of adsorbed proteins can reduce the 
accessibility of binding sites. This would decrease the rate of surface diffusion, decreasing the 
surface diffusivity. Since this decrease in diffusivity is not accounted for in any of the terms in 
the pore diffusion model, it would likely manifest in the calculated pore diffusivity value as a 
decrease with increasing initial concentration. This suggests that as the initial concentration of 
BSA used for an experiment increases, the negligibility of surface diffusion decreases. As shown 
in Table 7.3.1, the fval values from the discrete points case systematically increase with 
increasing initial concentration. This increase suggests that the pore diffusion model does not fit 
to the data as well at those high initial concentrations furthering the conclusion that the surface 
diffusion negligibility decreases with increasing initial concentration.  
 The results of the application of the pore diffusion model to the membrane kinetic 
adsorption experiments are shown in Figures 7.3.7-7.3.12. For the majority of the experiments, 
the model does not approach the same final concentration as the experimental data and very few 
of the data points fall within the uncertainty of the model line. Thus, it can be said that the pore 
diffusion model applied does not fit the system well at those conditions. As shown in Figures 
7.3.7-7.3.10, the pore diffusion model under-predicts the equilibrium concentration in all of these 
cases. This systematic offset would suggest a fundamental problem in the model construction or 
assumptions. Efforts were made to eliminate miscalculations within the code of the constructed 
model; however, I acknowledge that miscalculations could still be present. 
Another explanation for the offset between the model and the data is that the model may 
be more appropriate for resins rather than membranes because of the differences in general 
transport within these mediums. As discussed in section 2, the pores in resin beads typically have 
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tortuous paths that require long residence times for full diffusion. Membranes, on the other hand, 
have less tortuous pores and need less residence time but are limited by low surface binding 
capacity. This principle can be supported by comparing the images in Figure 7.1.1a and Figure 
7.1.2a. At the same magnification, a noticeable difference between the pore sizes in the two 
adsorbent materials can be seen. While the beginning 30-50 nm diameter pores of the resin are 
barely visible in Figure 7.1.1a, the 3 μm diameter pores of the membrane can be clearly seen. 
One of the assumptions for the pore diffusion model is that the pore diffusion step is the rate-
limiting step. With the less tortuous pores present in membranes, it follows that the pore 
diffusion may not be rate-limiting. Instead, it is possible that as the solution is introduce to the 
membrane, protein almost instantaneously diffuses through the pores making surface diffusion 
the rate-limiting step.   
 However, as shown in Figure 7.3.11, the pore diffusion model fit the data very well at an 
initial concentration of 3.03 mg/ml. This would suggest that the assumptions made in the pore 
diffusion model are valid for the concentration of 3.03 mg/ml. This would not be the expected 
result if the surface diffusion rate were decreasing with increasing concentration as the 
decreasing diffusivity values suggest. It is also possible that the bulk diffusion rate is not 
negligible as assumed in the pore diffusion model and is impacting the results. In order to better 
understand why the kinetic data collected at an initial BSA concentration of 3.03 mg/ml fit the 
pore diffusion model, further experimentation is required as will be discussed in section 9. 
 It should also be noted that the diffusivity values reported by the model are larger than 
the free solution diffusivity of BSA, 6×10-11 m2/s, in the cases of initial BSA concentrations of 
1.05 and 1.10 mg/ml [18]. This result is unrealistic because the diffusivity through the pores in a 
membrane should be much lower than the free diffusivity given the structure and limited space in 
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a pore. This just serves to confirm that the pore diffusion model presented in this paper does not 
accurately model the protein adsorption kinetics to a membrane.  
 Ideally, the diffusivity values for the membrane case would be compared with those 
found through the resin experiments; however, given that it has been determined that the pore 
diffusion model does not provide an accurate model of reality for the membranes, the diffusivity 
values output by the membrane model cannot be seen as representative of reality. In order to 
make a comparison between the two, an accurate model for adsorption kinetics in membranes 
would need to be developed.  
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9. CONCLUSIONS AND FUTURE WORK   
 
Through the application of the pore diffusion model to the adsorption kinetics of BSA to 
Q Sepharose FF resin, it was found that the pore diffusivity decreased with increasing initial 
BSA concentration. Over the initial concentration range of 1.03 to 3.16 mg/ml, the average pore 
diffusivity value of BSA through the resin was 3.34 × 10-13 m2/s. This value is almost two orders 
of magnitude below the free diffusivity of BSA. In addition, the average uncertainty in the pore 
diffusivity of BSA through the resin was found to be 1.90 × 10-13 m2/s, 43% of the value. A 
reduction in this uncertainty would provide more conclusive and precise results.  
The value of pore diffusivity determined by the constructed model is strongly dependent 
on the input parameters of ௣ܸ, ܴ, ܭௗ, ܸ, and ݍ௠, and, as such, the uncertainty in the pore 
diffusivity could be decreased by minimizing the uncertainty in each of these input parameters.  
To reduce the uncertainty of ௣ܸ, one could devise a method to measure the amount of particles on 
a mass basis. To reduce the uncertainty of ܴ, the model could be adjusted to include Mastersizer 
data instead of a single particle diameter value. This should provide the most accurate value of 
ܦ௣. To reduce the uncertainty in the Langmuir parameters, ܭௗ and ݍ௠, more equilibrium 
adsorptions must be completed. To reduce the uncertainty of the last input, ܸ, a method needs to 
be developed to make the buffer washes more efficient. Decanting and adding buffer adds 
uncertainty to the experimental volume each time it is performed. In the development of the 
protocol, 5 buffer washes was used to be conservative to ensure all removal of the storage 20% 
ethanol solution. However, a separate study to determine how much ethanol is removed by each 
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step as well as what ethanol content will affect the result of the experiment would be useful to 
minimize the number of buffer washes. This could also help reduce the variability in the final 
diffusivity value.  
Additionally, it would be interesting to see if the accuracy of the fit could be impacted by 
incorporating distribution data such as a lognormal fit mean and standard deviation into the pore 
diffusion model. A new direction for future work would be to test the effect of wide or 
abnormally shaped particle size distributions of resin particles on the accuracy of the pore 
diffusion model. The effects of using bimodal or skewed particle size distributions of resin beads 
could also be examined to see how changing the distribution shape could improve or impair 
binding and flow characteristics in a chromatography column. When looking into further studies, 
it is important to note that the data from the Malvern Mastersizer was taken using the default 
method. To get a more accurate result on the particle size distribution and mean diameter of the 
particles, the different method options in the Mastersizer 2000 software should be further 
investigated and the best option for these experimental conditions should be selected.  
This study also found that the assumptions made in the pore diffusion model are not 
applicable to protein adsorption to the membranes tested. Instead, future work should examine 
the validity of the assumption of negligible external mass transfer resistance and surface 
diffusivity. Both of these could significantly impact the partial differential equation and the fit of 
the model.  
In this study, it was assumed that the mixing rate of 170 rpm was sufficient to neglect 
external mass transfer resistance. This could be further tested by performing equilibrium binding 
capacity studies on the resin at mixing rates above and below 170 rpm. If the binding capacity 
were to increase with an increased mixing rate that would mean that the assumption of negligible 
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external mass transfer resistance at 170 rpm is invalid. Likewise, if the binding capacity were to 
stay the same above and below the 170 rpm rate, that would confirm that the assumption is valid. 
However, it should be noted that at mixing rates above 170 rpm, significant foaming in the 
protein solutions may occur. In order to test whether or not the surface diffusivity is negligible in 
this case, a parallel diffusion model should be applied to the membrane kinetic data. If the model 
were to fit more closely to the data, the assumption of negligible surface diffusivity would be 
rejected.  
In addition, the fit of the pore diffusion model to the membrane at or near initial BSA 
concentrations of 3.03 mg/ml should be examined further. While this study found that the pore 
diffusion model fit very well at an initial concentration of 3.0 mg/ml, the model did not fit the 
kinetic adsorption data for any of the other initial concentrations. In order to confirm the validity 
of the fit at this concentration, more kinetic experiments should be performed within the range of 
2.85 to 3.15 mg/ml with all other input parameters remaining constant.  
Another further direction for membrane studies would be to determine whether or not the 
membrane preparation procedure was having any effect on the adsorption and binding capacity 
values. During experimentation, it was observed that foaming occurred in the experimental flasks 
containing membrane after a few hours on the shaker table. During these experiments, control 
solutions containing only BSA were also placed on the shaker table and exhibited no foaming. 
Photos of the experimental solutions with foam and control solutions without foam can be found 
in Appendix I. Because of this observation, the foaming was likely not due to shearing of the 
protein, but something else only present with the membranes. The foam looked soap-like and 
would suggest that some glycerin was still present on the membrane after the preparation 
procedure. Further experiments should be completed to determine if the extra substance in the 
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membrane flasks was extra glycerin. In addition, it would be preferred to develop a safer way of 
removing the glycerin (without the use of methanol). The use of toxic chemicals in lab work 
should always be avoided when possible.  
Another observation made during membrane experimentation was the appearance of 
several growths in the experimental flask after the elution step. Due to time limitations, no 
experiments were completed to test the identity of the growths, but such tests and determinations 
could help make further conclusions about the discrepancy between experimental and literature 
binding capacity values. These growths can be assumed to be stemming from the membrane 
because the control protein solutions in those same experiments showed no growths. In order to 
mitigate this, a sterilization step for the membrane should be added. Pictures of the growths in 
experimental solutions and lack of growths in control solutions can be found in Appendix I. 
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APPENDIX A 
 Appendix A contains relevant laboratory protocol used in the experiments.  
 
Appendix A.1. Resin equilibration procedure 
1. Extract the desired amount of resin from the stock bottle using a 1 ml glass pipette with 
markings every 0.1 ml 
a. Before extracting resin, mix the solution by swirling by hand for 5-10 seconds and 
immediately draw up the resin 
2. Place resin solution in a 15 mL falcon tube 
3. Add 5 mL of buffer solution rinsing the 1 ml pipette used to transfer the resin and mix 
using the VWR vortex at speeds between 2 and 7 for 10 seconds 
4. Centrifuge at 1800 rom for 50 seconds  
5. Allow the centrifuge to stop 
6. Decant the excess liquid into a 10 ml graduated cylinder and record the volume 
7. Add 5 ml of buffer solution using a volumetric pipette 
8. Repeat steps 4-7, 4 times (ethanol concentration should be negligible by this point)  
9. Add the resin to the experimental flask and rinse the falcon tube three times with 3 ml of 
buffer solution, adding the rinse to the experimental flask to ensure all resin is transferred 
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Appendix A.2. Resin storage procedure 
1. Pour the resin from the Erlenmeyer flask into two centrifuge tubes (if necessary) 
2. Centrifuge at 1800 rpm for 50 seconds 
3. Allow the centrifuge to stop 
4. Decant excess liquid 
5. Add 5 mL 20% ethanol solution to each centrifuge tube 
6. Mix at low speed using the VWR vortex for 5 seconds 
7. Repeat steps 2-6 3 times 
8. Pour resin into storage vial 
9. Rinse flask with ethanol pouring the rinse into the vial 
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Appendix A.3. Membrane preparatory procedure 
The glycerin needs to be removed from the membrane before attempting to bind protein to it. 
The following procedure is used to do so [31] 
1. Submerge membrane in 10% Methanol for 15 minutes 
2. Use flathead tweezers to transfer the membrane from the methanol to buffer solution 
3. Leave the membrane submerged in buffer for 5 minutes 
4. Use flathead tweezers to transfer the membrane into fresh buffer solution 
5. Leave the membrane submerged for 30 minutes 
The volume convention used is 20 ml of solution per 15 cm2 of membrane. If the 
solutions can be lightly mixed while the membrane is being submerged, that is preferred. 
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Appendix A.4: Calibration curve creation procedure 
Preliminary Work 
1. Select the range of values that you would like your calibration solution to apply to 
2. Select 8 values for solution concentration appropriate for the calibrations curve 
i. Evenly spaced 
ii. Solutions above and below your limits for step 1 
3. Do initial calculations for the dilution of the 8 solutions based on the volume 
desired for each solution 
4. Make the necessary amount of buffer solution 
Dilution 
5. Using the mass concentration of the most concentrated solution and the volume of 
that solution, find the total mass of protein required 
6. Measure approximately this mass in a scintillation vial, recording the exact mass 
7. Add volume of buffer required for the most concentrated solution (using the exact 
mass of protein measured) 
8. Place scintillation vial on shaker table for 30 minutes mixing at 170 rpm 
9. Remove vial from shaker table 
10. Add dilution volume required for solution 2 from the new solution to a new vial 
11. Add buffer volume required 
12. Mix on shaker table for 15 minutes at 170 rpm 
13. Repeat steps 9-12 until all solutions are created 
Creation of Calibration Curve 
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14. Measure the absorbance of each of the 8 solutions using the Nanodrop 
i. Run each solution 3 times 
ii. Wipe the pedestal with DI water between each solution 
iii. Blank with buffer solution at the beginning and every 30 minutes 
15. Average values for absorbance for each concentration 
16. Plot Concentration vs. Averaged Absorbance 
17. Fit a line to the data 
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APPENDIX B 
Appendix B contains the calibration curve used to calculate the concentration of BSA 
from the absorbance values. 
 
 
 
 
 
 
Figure B.1. Calibration curve for the calculation of the BSA concentration of a 25 mM Tris Solution. 
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APPENDIX C 
 Appendix C contains the Matlab script used for the numerical solution of the pore 
diffusion model.  
Appendix C.1. ResinModel Matlab Script 
%Pore Diffusion Model fitting to data for Resin binding kinetics %Sarah Jensen %Spring 2016 
  
function ResinModel %Start by defining physical parameters     R = 45e-6; %Radius of beads in m     qm = 121; %maximum adsorption capacity according to Langmuir isotherm                %in mg/mL     Kd = 0.04; %dissociation constant according to Langmuir isotherm in                 %mg/mL     epsp = 0.53; %porosity of the resin     Vp = 0.225; %volume of resin used     V = 53.8; %volume of liquid in mL     co = 3.38; %initial concentration     K = qm*Kd/epsp; %Amalgamated constant that gets used a lot 
     
%Set up the numerical parameters     N = 500; %spatial discretization size     r = (0:N)/N*R; %Spatial nodes      hr = R/N; %Node spacing     M = 1500; %Time steps      dt = 60; %Time steps size in s     t = ((0:M)-1)*dt; %time in s     T = M*dt; %Total time for simulation in s 
     
%Run the minimization     Deo = 6e-12; %initial De value     [De,fval]=fminsearch(@(De) Demin(De,R,qm,Kd,co,epsp,K,Vp,V,N,r,hr,M,dt),Deo) 
  
%Re-run the numerical solution with the new De     %Array to hold numerical solution         u = zeros(N+1,M+1); %Annoying indexing from 1 instead of 0.         c = zeros(1,M);         cm = zeros(1,M); 
  
    %Set initial conditions         u(1:N+1,1) = 0.0; 
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        c(1) = co; 
  
    %Storage for linear system matrix and right sides         A = zeros(N+1,N+1);         b = zeros(N+1,1); 
  
    %Loop over time         for t = 1:M             t0 = t*dt;             A(:,:) = 0.0;             b(:) = 0.0; 
  
            %Loop over spatial grid, set up system             for x = 2:N                 Q = 1 + K/(Kd+u(x,t))^2;                 A(x,x-1) = De*dt/Q/hr*(1/r(x)-0.5/hr);                 A(x,x) = 1 + De*dt/Q/hr^2;                 A(x,x+1) = -De*dt/Q/hr*(1/r(x)+0.5/hr);                 b(x) = u(x,t);             end             A(1,1) = 1.0; A(1,2) = -1.0; %Enforce u_r = 0 at r = 0.             A(N+1,N+1) = 1.0; %For Dirichlet data on r = R.             %b(N+1) = C(t*dt); %Set Dirichlet data             b(N+1) = c(t); %Set Dirichlet data 
  
            %Now solve. System is tridiagonal, so this is inefficient.             u(:,t+1) = A\b; 
  
            %Update c             c(t+1) = c(t) - 3*Vp*epsp*De/V/R*(u(N+1,t)-u(N,t))/hr*dt; 
  
        end 
         
%Send results to excel     ct = transpose(c);     filename = 'kinetics3.xlsx'     xlswrite(filename,ct,1) 
    
end 
     
     
function [sumsq] = Demin(De,R,qm,Kd,co,epsp,K,Vp,V,N,r,hr,M,dt) 
  
%Array to hold numerical solution     u = zeros(N+1,M+1); %Annoying indexing from 1 instead of 0.     c = zeros(1,M);     cm = zeros(1,M); 
  
%Set initial conditions     u(1:N+1,1) = 0.0;     c(1) = co; 
  
%Storage for linear system matrix and right sides     A = zeros(N+1,N+1); 
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    b = zeros(N+1,1); 
  
%Loop over time for t = 1:M     t0 = t*dt;     A(:,:) = 0.0;     b(:) = 0.0; 
     
    %Loop over spatial grid, set up system     for x = 2:N         Q = 1 + K/(Kd+u(x,t))^2;         A(x,x-1) = De*dt/Q/hr*(1/r(x)-0.5/hr);         A(x,x) = 1 + De*dt/Q/hr^2;         A(x,x+1) = -De*dt/Q/hr*(1/r(x)+0.5/hr);         b(x) = u(x,t);     end     A(1,1) = 1.0; A(1,2) = -1.0; %Enforce u_r = 0 at r = 0.     A(N+1,N+1) = 1.0; %For Dirichlet data on r = R.     b(N+1) = c(t); %Set Dirichlet data 
     
    %Now solve. System is tridiagonal, so this is inefficient.     u(:,t+1) = A\b; 
     
    %Update c     c(t+1) = c(t) - 3*Vp*epsp*De/V/R*(u(N+1,t)-u(N,t))/hr*dt; 
     
end 
  
%Minimization by data points     %cm = [3.38 2.78 2.49 2.36 2.16 2.12 1.93 1.94 1.97 1.82];      %Data for conc. at known times     %ccalc = [c(1) c(2) c(6) c(17) c(47) c(107) c(167) c(227) c(401) c(1441)];     %concentration values from the model at corresponding times 
  
    %calculate sum of squares         %sumsq = sum((ccalc - cm).^2); 
  
%Minimization by fit to data     h = [1 5 10 20 40 60 120 180 240 300 360 480 600 780 960 1200];     for p=1:16 %creating matrix for comparison to c         cm(p) = -0.136295*log(1.088347/60*(h(p))*dt)+2.742076;     end 
     
    ccalc = [c(1) c(6) c(11) c(21) c(41) c(61) c(121) c(181) c(241) c(301) c(361) c(481) c(601) c(781) c(961) c(1201)];     %calculate sum of squares         sumsq = sum((ccalc - cm).^2); 
  
  
end   
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Appendix C.2. MembraneModel Matlab Script 
%Pore Diffusion Model fitting to data for Membrane binding kinetics %Sarah Jensen %Spring 2016 
  
function MembraneModel %Start by defining physical parameters     L = 275*(10^-6)/2; %half of Width of membrane in m     qr = 0.154; %maximum adsorption capacity according to Langmuir isotherm                %in mg/mg membrane     roh = 13.909; %density by area of the membrane mg/cm^2     qm = qr*roh*36.4; %maximum adsorption capacity in mg/mL using 36.4 cm^2/mL as specified by the manufacturer     Kd = 0.03; %dissociation constant according to Langmuir isotherm in                 %mg/mL     epsp = 0.78; %porosity of the membrane     m1 = 166.5; %mass of membrane used in mg     As = m1/roh/(100^2); %area of membrane used in m^2     V = 50; %volume of liquid in mL     co = 3.25; %initial concentration in mg/mL     K = qm*Kd/epsp; %Amalgamated constant that gets used a lot in (mg/mL)^2 
     
%Set up the numerical parameters     N = 500; %spatial discretization size     l = (0:N)/N*L; %Spatial nodes      hl = L/N; %Node spacing     M = 1500; %Time steps      dt = 60; %Time steps size in s     t = ((0:M)-1)*dt; %time in s     T = M*dt; %Total time for simulation in s 
     
%Run the minimization     Dppo = 6e-12; %initial Dpp value m^2/s     [Dpp,fval]=fminsearch(@(Dpp) Dppmin2(Dpp,L,qm,Kd,co,epsp,K,m1,V,N,l,hl,M,dt,roh),Dppo) 
  
%Re-run the numerical solution with the new Dpp     %Array to hold numerical solution         u = zeros(N+1,M+1); %Annoying indexing from 1 instead of 0.         c = zeros(1,M); 
  
    %Set initial conditions         u(1:N+1,1) = 0.0;         c(1) = co; 
  
    %Storage for linear system matrix and right sides         A = zeros(N+1,N+1);         b = zeros(N+1,1); 
  
    %Loop over time         for t = 1:M 
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            t0 = t*dt;             A(:,:) = 0.0;             b(:) = 0.0; 
  
            %Loop over spatial grid, set up system             for x = 2:N                 Q = 1 + K/(Kd+u(x,t))^2;                 A(x,x-1) = -Dpp*dt/2/(hl^2)/Q;                 A(x,x) = 1+dt*Dpp/(hl^2)/Q;                 A(x,x+1) = -Dpp*dt/2/Q/(hl^2);                 b(x) = u(x,t);             end             A(1,1) = 1.0; A(1,2) = -1.0; %Enforce u_r = 0 at r = 0.             A(N+1,N+1) = 1.0; %For Dirichlet data on r = R.             %b(N+1) = C(t*dt); %Set Dirichlet data             b(N+1) = c(t); %Set Dirichlet data 
  
            %Now solve. System is tridiagonal, so this is inefficient.             u(:,t+1) = A\b; 
  
            %Update c             c(t+1) = c(t)-2*m1*epsp*Dpp*dt/roh/V*100*(u(N+1,t)-u(N,t))/hl; 
  
        end 
         
%Send results to excel     ct = transpose(c);     filename = 'kinetics3.xlsx'     xlswrite(filename,ct,1) 
    
end 
     
     
function [sumsq] = Dppmin2(Dpp,L,qm,Kd,co,epsp,K,m1,V,N,l,hl,M,dt,roh) 
  
%Array to hold numerical solution     u = zeros(N+1,M+1); %Annoying indexing from 1 instead of 0.     c = zeros(1,M); 
  
%Set initial conditions     u(1:N+1,1) = 0.0;     c(1) = 3; 
  
%Storage for linear system matrix and right sides     A = zeros(N+1,N+1);     b = zeros(N+1,1); 
  
%Loop over time  for t = 1:M             t0 = t*dt;             A(:,:) = 0.0;             b(:) = 0.0; 
  
            %Loop over spatial grid, set up system 
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            for x = 2:N                 Q = 1 + K/(Kd+u(x,t))^2;                 A(x,x-1) = -Dpp*dt/2/hl^2/Q;                 A(x,x) = 1+dt*Dpp/hl^2/Q;                 A(x,x+1) = -Dpp*dt/2/Q/hl^2;                 b(x) = u(x,t);             end             A(1,1) = 1.0; A(1,2) = -1.0; %Enforce u_r = 0 at r = 0.             A(N+1,N+1) = 1.0; %For Dirichlet data on r = R.             %b(N+1) = C(t*dt); %Set Dirichlet data             b(N+1) = c(t); %Set Dirichlet data 
  
            %Now solve. System is tridiagonal, so this is inefficient.             u(:,t+1) = A\b; 
  
            %Update c             c(t+1) = c(t)-2*m1*epsp*Dpp*dt/roh/V*100*(u(N+1,t)-u(N,t))/hl; 
     
end 
  
%Minimization by data points     cm = [3.35 3.26 3.20 3.16 3.08 3.15 3.03 2.99 2.88 2.97 2.79 2.88 2.70 ];      %Data for conc. at known times     ccalc = [c(1) c(2) c(7) c(12) c(17) c(22) c(31) c(41) c(71) c(128) c(194) c(254) c(1408)];     %concentration values from the model at corresponding times 
  
    %calculate sum of squares         sumsq = sum((ccalc - cm).^2); 
  
%Minimization by fit to data     %h = [1 5 10 20 40 60 120 180 240 300 360 480 600 780 960 1200];     %for p=1:16          %creating matrix for comparison to c         %cm(p) = -0.085463*log(1.076868*(h(p)))+3.329687;     %end 
     
    %ccalc = [c(2) c(6) c(11) c(21) c(41) c(61) c(121) c(181) c(241) c(301) c(361) c(481) c(601) c(781) c(961) c(1201)];     %calculate sum of squares         %sumsq = sum((ccalc - cm).^2); 
  
end  
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APPENDIX D 
 Appendix D contains the dynamic light scattering data from the Malvern Mastersizer 
measurements on the resin. 
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Figure D.1 Dynamic light scattering report from the Mastersizer 2000 software. 
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APPENDIX E 
 Appendix E contains the data used to create the Langmuir isotherm plots for the 
equilibrium adsorption. 
Table E.1 Resin Equilibrium Adsorption Data 
 
Table E.2 Membrane Equilibrium Adsorption Data 
 
 
 
 
 
 
33.8 ± 2.8 0.86 ± 0.1 19.75 ± 0.13 0.15 ± 0.01 111.9 ± 23 129.5 ± 5
19.7 ± 0.7 0.08 ± 0.1 19.30 ± 0.13 0.23 ± 0.01 80.8 ± 9 83.4 ± 38
143.1 ± 2.9 1.97 ± 0.1 58.18 ± 0.13 0.23 ± 0.01 125.7 ± 27 133.6 ± 5
56.2 ± 0.2 0.54 ± 0.1 60.08 ± 0.13 0.23 ± 0.01 105.6 ± 27 125.4 ± 5
72.2 ± 0.2 2.17 ± 0.1 18.53 ± 0.13 0.23 ± 0.01 142.6 ± 10 133.9 ± 5
182.0 0.2 1.82 ± 0.1 63.00 ± 0.13 0.23 ± 0.01 112.4 ± 12 133.3 ± 5131.4 ± 0.2 1.16 ± 0.1 59.35 ± 0.13 0.6 ± 0.01 104.4 ± 13 131.3 ± 5
Predicted Binding Capacity (mg/mL resin)
Intial Protein Mass                  (mg)
Final Concentration    (mg/mL) Volume Solution                     (mL) Volume Resin                (mL)
Experimental Binding Capacity           (mg/mL resin)
40.2 ± 0.2 1.24 ± 0.1 20.00 ± 0.05 9.0 ± 1.4 115.0 ± 0.2 1.72 ± 0.32 0.135 ± 0.01
20.1 ± 0.2 0.49 ± 0.1 20.00 ± 0.05 6.3 ± 1.0 71.8 ± 0.2 1.65 ± 0.37 0.144 ± 0.0215.1 ± 0.2 0.42 ± 0.1 20.00 ± 0.05 4.0 ± 1.4 61.5 ± 0.2 1.70 ± 0.72 0.110 ± 0.0343.6 ± 0.2 0.89 ± 0.1 20.00 ± 0.10 12.3 ± 1.4 185.3 ± 0.2 2.10 ± 0.27 0.139 ± 0.0120.1 ± 0.2 0.38 ± 0.1 19.90 ± 0.10 6.3 ± 1.0 82.7 ± 0.2 1.99 ± 0.41 0.151 ± 0.0287.5 ± 0.2 3.05 ± 0.1 19.85 ± 0.10 12.3 ± 1.4 176.2 ± 0.2 2.20 ± 0.28 0.153 ± 0.01162.3 ± 0.2 2.70 ± 0.1 50.00 ± 0.05 12.0 ± 1.0 166.5 ± 0.2 2.27 ± 0.38 0.164 ± 0.0254.8 ± 0.2 0.68 ± 0.1 50.00 ± 0.05 12.0 ± 1.0 165.9 ± 0.2 1.73 ± 0.36 0.125 ± 0.02
Binding Capacity (mg/mg membrane)
Intial Protein Mass                  (mg)
Final Concentration    (mg/mL) Volume Solution                     (mL)
Area Membrane 
(cm2)
Binding Capacity           (mg/cm2 membrane)
Mass Membrane (mg)
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APPENDIX F 
 Appendix F contains the approximate function method data from all of the kinetic trials. 
The variables shown in Table F.1 correspond to those in equation F-1 shown again below: 
 ܿ(ݐ) = −ߛ ln(ߙݐ) + ߚ (F-1) 
Table F.1. Approximate Function Parameters and Sum of Squares 
 
 
 
 
 
 
 
 
Initial Conc. ɣ β Sum of Squares
mg/ml mg/ml mg/ml (mg/ml)2
1.03 0.096 1.13 1.15 0.0271.08 0.075 1.14 1.13 0.0281.99 0.095 1.08 1.85 0.0312.05 0.135 1.10 2.04 0.0263.07 0.136 1.09 2.74 0.0333.16 0.163 0.99 3.05 0.082
1.05 0.099 1.10 1.14 0.0341.10 0.070 1.09 1.24 0.0342.02 0.177 1.09 2.21 0.0792.13 0.182 1.05 2.15 0.1163.03 0.298 1.00 3.26 0.1773.25 0.085 1.08 3.33 0.031
Res
in
α
Mem
bran
e
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APPENDIX G 
 Appendix G contains the uncertainty analysis for any calculate uncertainties. The 
nomenclature convention used here is ߪ௜ represents the uncertainty in variable ݅.  
 
Uncertainty in concentration values: The uncertainty in the concentration values was found by 
assessing the accuracy of the calibration curve. This was completed by creating three to four 
solutions of known BSA concentration and measuring their absorbance. As a conservative 
estimate, the largest difference between actual and calculated concentration from the calibration 
curve was used as the uncertainty. The concentration uncertainty data is shown below for the 
calibration curve shown in Figure B.1. 
Table G.1 Check Solution Data for Calibration Curve Shown in Figure B.1 
 
In trials where dilutions of protein solutions were completed to get the desired concentration of 
BSA in a small enough volume, the following procedure was used for calculating the uncertainty 
in the initial mass of protein.  
 
Difference (mg/mL)
4.53 ± 0.06 0.296 ± 0.004 4.61 ± 0.06 0.0823.19 ± 0.04 0.209 ± 0.003 3.25 ± 0.04 0.0652.00 ± 0.04 0.133 ± 0.002 2.08 ± 0.03 0.0770.80 ± 0.02 0.054 ± 0.001 0.84 ± 0.02 0.038average 0.066high 0.082
Actual Concentration (mg/mL) UV-Vis Absorbance
Calculated Concentration (mg/mL)
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Uncertainty in initial mass    
Because the same initial solutions were used in the experiments (dry mass trial used a less concentrated version) the uncertainty in the initial protein mass present stems from calculation from that concentration 
>  
 
where m1 is intial mass, C is concentration of intial solution, and V1 is volume of initial solution added 
 
Then the uncertainty in that mass can be found using the following 
>  
 
where sig2 is the uncertainty in m1, sigC is the uncertainty in concentration, and sigV1 is the uncertainty in V1. 
 
In order to use that formula, we need to find the uncertainty in the concentration of the initial solution. this comes from the following equation: 
>  
 
where m is the mass of protein used to make the solution and V is the volume of buffer used to make the solution.  
 
The associated uncertainty in the concentration can be calculated b ythe following 
>  
 
where sigm is the uncertainty in m and sigV is the uncertainty in V 
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These equations can all be put together to find the final uncertainty in the inital mass, m1, in the following equation that was inputted in Excel. 
>  
 
 
 
Uncertainty in Predicted Binding Capacity Value of the Resin 
The uncertainty in the literature binding capacity, sigqp, can be calculated using the following formula where qp is the predicted binding capacity, qm is the maximum binding capacity, Ca is the average of all trial equilibrium concentrations, K is the equilibrium dissociation constant, and sigi is the uncertainty in variable i.  
>  
 
>  
 
 
 
Uncertainty in Calculated Binding Capacity for Individual Resin Experiments  
The uncertainty in the experiment binding capacity, sigq, can be calculated using the following formulae where q is the experimental binding capacity, m1 is the initial protein mass, C is the equilibrium concentration, V is the total solution volume, Vr is the volume of resin, and sigi is the uncertainty in variable i.  >  
>  
 
>  
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Uncertainty in the Maximum Binding Capacity, ݍ௠, and the Ratio of Association and Dissociation Constants, ܭௗ 
 
Uncertainty in the Calculated Binding Capacity for the Membranes  
The formula for calculating experimental binding capacity is shown below:  
>  
 
>  where q is binding capacity, mi is initial mass of BSA, c is equilibrium concentration, V is volume of solution, and mm is mass of membrane.   The error in the experimental binding capacity can be calculate as follows 
>  
 
>  This calculates the error in the binding capacity in mg BSA/mg membrane. The value of binding capacity still must be converted to the units of mg BSA/mL membrane which can be done using the following equation.  >  
Figure G.1. Langmuir parameter uncertainty calculation procedure 
78  
 
>  where roh is effective density in mass per area of membrane (13.909 mg/cm2) and As is specific surface area in area per volume of membrane (36.4 cm2/ml). The uncertainty analysis was completed using an assumed uncertainty of ±0.5 cm2/ml (1.4% of the reported value) for the specific surface area. The specific surface area had no reported uncertainty from the manufacturer but this estimation was deemed reasonable and conservative.   The error in the final value for binding capacity can be calculated as follows  >  
>  
 
 
 
Uncertainty in the Pore Diffusivity for the Resin and Membrane 
 
 
Figure G.2. Procedure for calculating the uncertainty in the pore diffusivity value. 
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Table G.2. Resin and Membrane Pore Diffusion Model Input Parameters 
 
Table G.3. Results of Step 1 in Diffusivity Uncertainty Calculation 
 
 
 
 
 
 
 
 
 
 
Resin Input Parameters Membrane Input Parameters
Co Kd
ε Lm
Kd mm
qm ρ
V qr
Vp V
Maximum Dp Inputs
Minimum Dp Inputs
Maximum Dp Inputs
Minimum Dp Inputs
↓Co ↑Co ↑Kd ↓Kd
↓ε ↑ε ↓Lm ↑Lm
↑Kd ↓Kd ↓mm ↑mm
↓qm ↑qm ↑ρ ↓ρ
↑V ↓V ↓qr ↑qr
↓Vp ↑Vp ↑V ↓V
Resin Membrane
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APPENDIX H 
Appendix H contains information about the possible error that results from measuring the 
amount of resin used on a volume basis. 
The method of volume basis measurement of resin particle quantity in this experiment 
could have affected the maximum binding capacity value that was found. In the literature study 
used as a comparison, the researchers reported using mass basis for determining the amount of 
resin. The volume basis method in this study assumes that the manufacturer’s stock solution is 
exactly as specified and that the stock solution remains homogeneous. As resin samples are 
removed from the stock solution over time, the solution may deviate from the original 
specifications if settling occurs during or before sample removal or if solvent is lost over time.  
Settling may occur in the solution during or before sample removal if too much time is 
allotted between mixing and sample removal or if the particles are too large or dense to remain 
suspended in solution. This settling could lead to two different composition changes in the stock 
solution depending on the sample removal point. If samples are typically taken from the bottom 
of the storage bottle, settling would lead to samples that are more concentrated in resin than the 
overall bottle. Therefore, over time, the concentration of resin in the stock solution would 
decrease. On the other hand, if samples were taken from the top of the solution, settling would 
lead to an increase in resin concentration in the stock solution over time. Either of these cases 
would lead to an incorrect measurement of the volume of resin, ௣ܸ, and alter the results of both 
the equilibrium binding capacity experiments and the kinetic adsorption experiments. Since no 
systematic trends in the measured binding capacities were apparent over time, the difference in 
binding capacity values found in this study and the literature were not attributed to the protocols 
followed in this study. The method of calculating binding capacity in the published literature was 
not specified nor was the wet or dry mass distinction in their sample measuring.  
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APPENDIX I 
 Appendix I contains experimental pictures of the foam and growth seen during the 
membrane experiments.  
 
 
Figure I.1. Foaming after binding experiment completed of control protein solution (left), 3.0 mg/mL initial concentration (middle), and 1.0 mg/mL initial concentration (right) 
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Figure I.2. Example of growth seen during elution of BSA from membrane from an experiment with 2.0 mg/ml initial concentration. 
